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S U M M A R Y 

The objective of this thesis is to provide new insights into the properties of 

silicon-on-oxide (SOI) and the stability and electronic structure of patterned SOI.  

Any freshly formed silicon surface is highly reactive and in the presence of oxygen 

the surface immediately forms a thin layer of oxide known as a native oxide. 

Surface analysis of silicon samples by scanning tunneling microscopy – a key focus 

of this work - requires removal of the native oxide before measurement. Removing 

the thin native oxide layer from silicon in an UHV environment involves annealing 

and processing SOI at elevated temperature in a manner that avoids damage to the 

device layer.  The potential for modifying the chemical composition on the surface, 

the potential for contamination and loss of dopants, and potential loss of the 

structural integrity of the device layer are all major issues. In order to address this 

challenge, a low thermal budget process was developed and the thermal 

decomposition of the native oxide in UHV has been investigated using various 

surface analysis techniques. The evolving morphology and chemical composition 

of the native oxide and the SOI device layer were investigated as a function of 

anneal temperature and duration. An elaborate ex-situ cleaning process has been 

developed to both reduce the contamination and cap the surface with a chemically 

grown ultra-thin oxide. The annealing parameters to desorb oxide without 

disturbing the integrity of the device layer were optimised that enabled surface 

analysis of ultra-thin SOI films and nanostructures fabricated from SOI.  

Following the refinement of the surface cleaning and preparation process, 

the capability of scanning tunneling microscopy (STM) and scanning tunneling 

spectroscopy (STS) to study nanoscale Si(100) device layers in silicon-on-insulator 

(SOI) was demonstrated. The device layer is a macroscopic 2D silicon sheet and 

understanding the effective coupling of charge in and out of this sheet determines 

whether it is possible to accurately measure the electronic properties of the sheet 

by STM techniques. Specifically, how spreading resistance manifests in STM 

following the processing of SOI device layers with various doping levels have been 

analysed. Depending on the doping level, ultra-thin SOI exhibited significant blue 
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shifts of the peaks in the tunneling and field emission spectra. By comparing these 

peak shifts with the film resistivity it is shown that the contribution of spreading 

resistance in STM and STS can be estimated. It is also shown that STM can be used 

to study the effective n-type dopant concentrations in the 1013-1016 cm-3 range. It 

was also demonstrated that ultra-thin SOI with sufficiently high doping levels 

(~1020 cm-3) and device layer thicknesses down to 5 nm can be studied with STM 

and that these materials exhibit bulk like electronic characteristics.  

The evolution of the morphology of silicon-on-insulator (SOI) due to 

annealing in an UHV environment was also investigated. Thin SOI films deform at 

high temperatures into 3D crystals in a process known as dewetting. The process 

is driven by surface energy minimization and occurs via surface diffusion. The 

dewetting process in SOI is known to start with the nucleation of voids in the film 

and grows via capillary edge and Rayleigh instabilities. In this work, preliminary 

measurements have suggested that SOI with thicknesses below 4 nm dewet 

spontaneously through a process that involves thermally driven fluctuations of the 

film thickness. STM measurements have shown that annealing 3 nm SOI film 

produces low energy facets along with a wave-like modulation of the surface 

roughness. Supporting evidence was also provided in the form of SEM and AFM 

measurements, which show the presence of thickness fluctuations in the film which 

is known to be a characteristic of films dewetting via the growth of thermal 

fluctuations. KPM measurements showed clear evidence of the presence of an ultra-

thin wetting layer between the dewetting crystals of a 3 nm SOI film, consistent 

with the emergence of a new dewetting mechanism at these thicknesses. 

Finally, surface analysis of silicon nanowires of different widths, fabricated 

from SOI wafers using electron beam lithography was investigated. Due to the 

capillary edge and Rayleigh instabilities, the edges of patterned SOI and nanowires 

fabricated from SOI dewet at a reduced temperature when compared to non-

patterned SOI, making the surface analysis of these nanowires challenging. 

Nonetheless, we have shown in this work that nanowires can be processed in UHV 

using low thermal budget flashing and then analysed with STM. The reduction in 

thermal budget is believed to be due to the edge effect along the length of the 
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nanowires. An increase in surface diffusion of silicon atoms away from the edges 

due to capillary forces expedites the oxide desorption process in the nanowires. By 

carefully controlling the thermal process, nanowires can be prepared without 

affecting their structural integrity. However, if annealed further, capillary forces 

deform the edges of the nanowires and finally lead to the formation of a row of 

crystals due to Rayleigh instability. The findings in this work shows that surface 

analysis of ultra-small silicon nanowires on insulator structures is possible. In order 

to carry out the surface analysis on smaller nanostructures beyond the limits of 

EBL, a simple nanowire and nanodisc fabrication technique has been developed. 

Commercially available TiO2 nanowires and nanoparticles spray deposited over 

SOI were used as an etch mask to fabricate silicon nanowires and nanodiscs from 

SOI. Studies of the newly patterned wires and dots are currently underway. 
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1  

I N T R O D U C T I O N 

The electronics industry has been growing at an unprecedented rate, since 

the invention of the first integrated chip. This tremendous growth can be attributed 

to the exponential increase in the component density that can be integrated onto a 

single chip [2]. Moore’s law [6, 7], which is an empirical observation and 

extrapolation made by Gordon Moore in 1965, states that the component density 

on an integrated circuit doubles every year. The forecast was later revised to the 

component density doubling every two years [6, 7]. Although Moore’s law has been 

consistent for the last four decades, the growth rate has decreased, with the 

component density currently doubling every two to three years [2].  

In 22 nm technology, a commercially available central processing unit 

(CPU) has over 2.9 billion transistors and a graphics processing unit (GPU) 

contains over 7 billion transistors [8]. As the component density in an integrated 

circuit increases, the device dimensions shrink. Currently, a typical transistor gate 

length in microprocessor circuits is about 18 nm – 13 nm [9]. The miniaturization 

of devices cause the performance and reliability of electronic micro-components to 

depend increasingly on the nanoscale quality of surfaces and interfaces [10]. 

Furthermore, with the dimensions of the devices reducing further, the properties 

of the material will eventually be dominated by quantum effects.  

The properties of nanoscale materials, can be influenced greatly by 

variations in size [11-14], shape [15] and properties of their surfaces [11, 16]. For 

example, silicon nanocrystals have been shown to exhibit photoluminescence [12, 

14], with tuneable wavelength [11]. These characteristics of nanomaterials create 

opportunities for making interesting devices including flexible, stretchable and
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transparent devices [17]. Additionally, silicon nanostructures have an added 

advantage due to their compatibility with established semiconductor techniques. 

This provides a straightforward path for the integration of silicon nanomaterials 

into existing Si-based electronic platforms [17-20].  

 

Most of the physical properties of bulk materials are explained by assuming 

a collective contribution of an infinite number of atoms in the material. This 

assumption starts to break down when the material dimension is reduced to the 

nanoscale [21-24]. Nanoscale materials tend to exhibit new electronic [21], 

mechanical [17], optical [11, 22] and thermodynamic properties [25-27].  Fig. 1.1, 

for example, shows how the density of state (DOS) of different nanostructures vary 

in comparison to their bulk counterparts [1]. Furthermore, the variations in 

thickness of the nanostructures, even due to surface roughness, can significantly 

alter the DOS and affect the electron transport properties in the nanostructures 

[17]. At these dimensions, even the atomic scale environment of dopants, such as 

their proximity to surfaces can severely influence the dopant characteristics such 

as the shape of their wave function [28] and their ionization energy [29]. As a 

result, a detailed understanding of the atomic and electronic structure of 

nanomaterials and their surfaces remains a challenge.  

Silicon nanostructures are expected to play a key role in future 

nanotechnology such as development of low power light emitting diodes and 1-D 

quantum-wire high speed field effect transistors [30, 31]. However, in order to 

Fig. 1.1: Diagram illustrating the electronic density of states depending on the 

dimensionality [1]. 
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develop such devices, it is necessary to understand and control the atomic scale 

properties of nanomaterials. For conventional semiconductor devices, the local 

variations in the devices have minimal effect because the device functionality is 

based on statistically averaged properties of a large number of atoms. However, for 

nanoscale devices the local variations in the nanoscale properties become very 

important.  

The objective of this thesis is to develop a systematic approach to study the 

properties of silicon based nanomaterials due to their particular importance in the 

electronics industry. Silicon-on-insulator (SOI) is an exceptional choice towards 

attaining this goal. SOI (Fig. 2) is a thin silicon film called the device layer that sits 

on top of an insulating layer of buried oxide (BOX), which itself sits on top of a 

bulk Si wafer. SOI is of a tremendous technological interest as it offers a possible 

means to achieve improved device performance [21, 32-34]. SOI devices provide 

reduced parasitic capacitances and leakage currents due to the dielectric isolation 

and deliver more than 20% improved performance with up to 40% reduction in 

 

power consumption compared to bulk Si devices [35]. Furthermore, the SOI 

structure immensely simplifies the device fabrication process allowing easy 

formation and isolation of the Si device channels that are the heart of CMOS 

technology. SOI is also of fundamental scientific interest as the confinement of the 

electrons in the thin Si device layer may lead to different mechanical, electronic 

and optical properties compared to those of bulk Si [21, 32].  

Fig. 1.2: Cross-sectional profile of the SOI 
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Although SOI structure provides a simple route to controllably fabricate 

silicon nanostructures and has immense industrial applications, it has not been 

explored as a platform to enable atomic level investigations of nanoscale silicon. 

Most of the SOI studies to date have involved in fabricating thin film and nanowire 

devices for device characterization [29-31] and area averaged spectroscopy     

[17,29]. There have been very few STM studies [28], probably due to the complex 

nature of the work, none of which have involved patterned substrates. The most 

notable STM studies on SOI are due to Lagally et al [21] who showed that room 

temperature STM is possible even in the absence of controlled doping and 

demonstrated anomalous conductivity of intrinsic SOI film. However, no STS 

experiments have been reported on SOI at room or cryogenic temperature. 

This thesis attempts to study the electronic and thermo-mechanical 

properties of engineered SOI materials. The main goals of the thesis are: (i) develop 

a reliable SOI ultra-thin film and nanowire fabrication process, (ii) develop a low 

thermal budget ex-situ and UHV surface cleaning process, and subsequently use 

this process to (iii) study the electronic structure and thermomechanical properties 

of SOI nanostructures using scanning tunneling microscope. Specifically, this work 

aims to develop a test platform for the nanoscale engineering of arbitrary shaped 

silicon nanostructures on SOI material and investigate them at the atomic level. 

An introduction to each relevant topic is given at the beginning of chapters 

3-6 in order to provide context to the results and the conclusions drawn. In this 

chapter, a brief outline of the research material in this thesis is presented.  

Due to the high reactivity of silicon, a freshly formed silicon surface 

immediately oxidises, forming a thin (1 - 2 nm) layer of oxide on the surface called 

a native oxide. The native oxide, being an insulator, hinders surface 

characterization, especially when using electron transport based measurements 

such as scanning tunneling microscopy (STM) and scanning tunneling 

spectroscopy (STS). Surface analysis of silicon requires the native oxide to be 

removed before the measurements.  
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1.1 Chemical etching of oxide 

There are several ways to remove native oxide from a silicon surface. One 

of the simplest techniques is to etch away the oxide layer in dil. hydrofluoric acid 

(HF). Since the etch rate of oxide in dil. HF is higher than that of the underlying 

silicon, the oxide layer can be etched without affecting the silicon. This etching 

process leaves the silicon surface passivated with hydrogen. However, the silicon 

surface passivated with hydrogen does not last long. The hydrogen bonds on the 

passivated silicon surface quickly react with oxygen and the oxide layer is regrown. 

Studies have shown that the hydrogen passivation is replaced with oxygen in less 

than 30 mins [36]. Furthermore, the hydrogen passivated surface and the residual 

dangling bonds of a Si dimer, react with hydrocarbons in the air to form two Si-C 

bonds [37-42]. On annealing, this hydrocarbon contamination forms SiC 

nanostructures on the silicon surface which severely hinders surface analysis. 

Therefore, chemical etching of native oxide prior to UHV processing is not a reliable 

surface cleaning technique for surface analysis.  

1.2 Thermal processing of SOI 

In ultra-high vacuum (UHV), the native oxide can be removed via a thermal 

desorption process [43-54]. At high temperatures, silicon dioxide (SiO2) can react 

with silicon to form silicon monoxide (SiO) which eventually sublimes as shown 

by the equation 

SiO2 + Si → 2SiO (g)↑ (1.1) 

Typically, this process is carried out by heating samples to temperatures 

over 800 ºC [32, 50, 55]. Sublimation of silicon monoxide from the surface forms 

voids in the oxide layer which eventually grows in size exposing the silicon beneath 

[32, 44, 52, 56]. This process removes the native oxide from the sample, resulting 

in an atomically clean surface [44, 52, 56]. Chapter 3 presents the challenges 

involved in the processing of SOI film without changing its chemical composition 

on the surface or loss of integrity of the SOI film. The processing parameters and 

the results of surface analysis are discussed in chapter 3. 

Due to the small dimensions of the SOI structures, and high processing 

temperatures involved, thermal processing of SOI involves unique challenges that 
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are not issues in bulk silicon. The following sections briefly discuss some of the 

important challenges associated with thermal processing of SOI and SOI 

nanostructures and the chapters in which they are discussed in the thesis. 

1.3 Formation of SiC surface structures 

A clean silicon surface is crucial for surface studies. Thermal processing of 

silicon results in the removal of native oxide, nevertheless, at high temperatures, 

silicon also reacts with carbon contaminants and forms SiC structures on the 

surface according to the equation given by  

SiO2 + 3C = SiC + 2CO (1.2) 

The carbon contamination usually occurs due to ex situ processing, but the 

contamination can also occur due to outgassing of the sample holder and other 

UHV components at high temperatures.  

1.4 Diffusion of dopants 

The SOI device layer is actually sandwiched between two SiO2 layers – 

buried oxide and native oxide. The presence of fixed charge in the oxide and the 

traps in the Si-SiO2 interface, can cause the ultra-thin SOI device layer to become 

fully depleted of charge carriers [21, 32]. Even for the highest quality Si(100)-BOX 

interface, the interface trap density is on the order of 1010 - 1011 cm-2  [21, 32, 57].  

In contrast, a 45 nm device layer doped at a typical 1015 cm-3 has only 1015 × 45 

× 10-7 = 4.5 × 109 majority carriers per cm-2. Hence, SOI with device layer 

thickness lower than 45 nm (typical thicknesses considered in this study), with 

nominal doping (1015 cm-3), would be fully depleted of charge carriers. The lack of 

charge carriers in the film makes it difficult to carry out electrical transport 

measurements in fully depleted SOI [32, 57], especially at low temperatures. 

Therefore, in order to conduct surface analysis of SOI structures using STM, the 

device layer of SOI is doped over 1019 cm-3. 

High temperature processing of doped silicon leads to diffusion of dopants 

[58], and a variation in the dopant density profile in the sample [59, 60]. Due to 

the high surface to volume ratio in nanostructures, segregation effects are more 

prominent than in bulk silicon [60]. High temperature annealing of doped SOI is 

also known to cause segregation of dopants at the interfaces and to form clusters 
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within the device layer [61-63].  Dopant segregation and clustering can 

significantly affect the electrical properties of the SOI film and nanostructures [61-

63]. Details about diffusion of dopants and varying electrical properties are 

discussed in chapter 4.  

1.5 Spreading resistance  

A small area electrical contact (such as that associated with STM) results in 

an additional series resistance called the spreading resistance which arises due to 

the spreading of the current from the contact region. Spreading resistance was first 

explained by Maxwell in 1904 [64]. In this case, most of the voltage drops near the 

contact where the current density is  

 

the highest and the current density and hence the resistance approaches zero far 

from the contact. A schematic of current density in a semiconductor from a circular 

metal contact with radius 𝑎 is shown in Fig. 3. The brown lines in Fig. 3 shows the 

current lines and the blue lines show the equipotential surface for the current 

flowing through the circular contact. The equipotential surfaces in the contact 

consists of an ellipsoid defined by the equation 

𝑟2

𝑎2 + 𝜇2
+

𝑧2

𝜇2
= 1 

(1.3) 

Where μ is the length of the vertical semi-axis of the ellipsoid and (r, z) are the 

cylindrical coordinates. The resistance between the equipotential surface with 

semi-axis μ and the contact is given as [65] 

Fig. 1.3: Schematic showing equipotential surface and current density for a circular 

metal contact on a semiconductor [4]. 
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𝑅𝜇 =
𝜌

2𝜋
∫

𝑑𝜇

(𝑎2 + 𝜇2)
=

𝜌

2𝜋𝑎

𝜇

0

𝑡𝑎𝑛−1 (
𝜇

𝑎
) 

(1.4) 

where 𝜌 is the resistivity of the semiconductor. Sufficiently far away from the 

contact where μ is large, the spreading resistance is given by 

𝑅𝑠 =
𝜌

4𝑎
 (1.5) 

As the relation above suggests, spreading resistance increases with decreasing 

contact radius. Hence, the contribution of the spreading resistance can become 

significant in the small contacts formed by scanning probe microscopy based 

electrical measurements like conductive-atomic force microscopy (C-AFM). 

Spreading resistance profiling (SRP), a modified C-AFM technique, has become a 

widely used resistivity and carrier concentration profiling technique [66, 67].  

In an STM, an atomically sharp metallic tip is used to analyse a conducting 

sample. The tunneling contact radius in a typical STM measurement is on the order 

of 0.5 – 1.5 nm. In normal operation, the tunneling resistance, which is about 10 – 

100 GΩ, dominates as the sample resistance and spreading resistance are negligible 

in comparison. The dominance of tunneling resistance ensures the voltage drop to 

occur at the tunneling point, hence enabling an accurate determination of the 

energy states of the sample surface. However, for samples with high resistivity, 

spreading resistance can become significant in STM measurements [68] and shifts 

in spectral features can be observed. However, if these shifts can be modelled, STM 

and STS may be used to determine the carrier concentration of the sample, similar 

to SRP [56].   

In chapter 4, the capability of STM and STS to study nanoscale Si(100) 

device layers in SOI is explored. Especially, how spreading resistance manifests in 

STM following the processing of SOI device layers with various doping levels, are 

discussed. It’s shown that ultra-thin SOI with sufficiently high doping levels can be 

studied with STM. This chapter also discusses the effects of annealing on dopant 

concentration profiles and electrical properties of the film.       
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1.6 Dewetting 

At high temperatures, the thin device layer of SOI can become mechanically 

unstable and the thin film can break up into 3D crystals [3, 23, 69-71]. This process 

is driven by surface energy minimization and occurs well below the melting 

temperature of the film [3]. The Si film in SOI has a higher surface energy than the 

oxide underneath. Therefore, at elevated temperatures, once the native oxide has 

been removed, the system tries to minimize the surface energy by exposing the 

lower surface energy BOX and forming silicon 3D crystals with a reduced surface 

area. The driving force for dewetting and the rate of dewetting, both increase with 

decreasing film thickness. As a consequence, thinner films tend to dewet at lower 

temperature.  

 

Since thin films are usually metastable, they often tend to become unstable 

and evolve into equilibrium morphologies when they are heated to sufficiently high 

temperatures. The equilibrium morphology is either a flat film or a hemispherical 

island, depending on the relative magnitude of the surface energy of the film (𝛾𝐿𝑉), 

surface energy of the substrate (𝛾𝑆𝑉), and the interfacial energy of the film and the 

substrate (𝛾𝑆𝐿). The expression [72] for the thermodynamic equilibrium between 

the three phases is given by, 

𝛾𝑆𝑉 =  𝛾𝑆𝐿 + 𝛾𝐿𝑉 cos 𝜃 (1.6) 

where 𝜃 is the equilibrium contact angle at the three-phase boundary. When 𝛾𝑆𝑉 ≥

 𝛾𝑆𝐿 + 𝛾𝐿𝑉,  𝜃 is 0º, meaning that the film wets the substrate and remains flat and 

continuous. However, when 𝜃 is nonzero, the equilibrium morphology of the film 

tends to shift from a flat continuous film to a hemispherical island, as shown in Fig. 

1.4.  

Fig. 1.4: Schematic illustration of the equilibrium shape of a thin film, assuming isotropic 

surface energies and a rigid substrate, as determined by Young [3]. 
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There are two different mechanisms through which a 2D film can 

agglomerate into crystals. Dewetting can occur through the propagation of 

nucleated voids or through spontaneously growing thermal fluctuations. In the first 

mechanism, the dewetting process is initiated by the presence of voids on the 

crystalline SOI film. However, analysis of the energetics of SOI films have shown 

that the film is stable against small morphology perturbations [73, 74], and the 

activation energy required to form even a small void in a very thin SOI film is 

prohibitively large [3]. Therefore homogeneous spontaneous nucleation of voids 

does not occur. The nucleation of the void in SOI is believed to occur only at defect 

sites on the surface or the interfaces of the film [75-77]. Hence, it is heterogeneous 

in nature and enabled by intrinsic defects in the film. The defects may include 

dislocations, stacking faults, oxide precipitates, surface particles, protrusions on 

the BOX or scratches in the film induced during SOI processing [76, 77]. Also, in 

order for the voids to grow, the size of the void must exceed a critical size 

(rvoid>rcrit). Once supercritical voids are formed in the film, they grow in size via 

different morphological instabilities such as surface diffusion induced edge 

instability and Rayleigh instability.  

For extremely thin films, dewetting occurs through the amplification of 

surface waves [78]. A competition between the stabilizing effect of interfacial 

tension and attractive intermolecular forces between the film-substrate and film-

vacuum interfaces drives the thickness fluctuations in the film. The amplitude of 

the perturbations grows with time and eventually leads to dewetting if the growth 

in the amplitude lowers the total energy of the system. Otherwise, the perturbation 

decays and the film remains intact. Van der Waals forces become significant in the 

ultra-thin films which can overcome the interfacial tension, leading to spontaneous 

amplification of the thickness fluctuations which can eventually dewet the film [78-

81] and contact angles that are not well described by the macroscopic Young’s 

equation (1.6). 

In chapter 5, the evolution of the morphology of SOI due to annealing in an 

UHV environment is analysed. Using surface analysis techniques, a major 

difference in the thermo-mechanical evolution of ultra-thin SOI has been 
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identified. It is shown in this chapter that the mechanism of thermal instability and 

dewetting of SOI below 4 nm deviates from thicker SOI. 

1.7 Capillary-induced surface diffusion 

 Sharp edges of structures fabricated on silicon are fundamentally 

unstable at high temperatures due to their high local surface curvature [3]. The 

change in curvature creates a free-energy gradient that drives diffusion of atoms 

away from the curvature towards the flat region [3, 82-84]. This process further 

leads to capillary edge instability. At high temperatures, the increased diffusion at 

the edges of SOI thin films and nanostructures fabricated with SOI, can cause the 

device layer to peel back and uncover the BOX. This effect at the edges enables 

both oxide desorption and dewetting to occur at lower temperature. 

The propagation of mass flow and subsequent dewetting at the void edge is 

due to surface-energy-driven surface-diffusion-induced morphological instability 

[3, 85, 86]. This instability is primarily dependent on the temperature and 

thickness of SOI. Assuming surface energies to be isotropic, the equation for the 

volumetric surface flux (i.e. volume flux along a surface per unit length 

perpendicular to the flux) due to surface-energy-driven surface diffusion is given 

by 

𝐽𝑠 = − 
𝐷𝑠𝛾Ω2𝑣

𝑘𝑇
∇𝜅(𝑠) 

 (1.7) 

Where 𝐷𝑠 is the surface diffusivity, 𝛾 is the surface energy, Ω is the atomic volume, 

𝑣 is the atomic surface density, 𝜅(𝑠) is the mean surface curvature along the surface 

coordinate 𝑠, 𝑘 is the Boltzmann constant, and 𝑇 is the absolute temperature [3]. 

The atomic surface diffusion along the surface of the film is determined by the 

mean surface curvature profile of the film, driving mass flow from regions of higher 

mean curvature to lower mean curvature [3]. Since, 𝐷𝑠 has a strong positive 

Arrhenius temperature dependence, (𝐷𝑠 =  𝐷0exp (− 𝑄𝑠 𝑘𝑇)⁄ , where 𝐷0 is the 

surface diffusion pre-exponential factor and 𝑄𝑠 is the activation energy for surface 

diffusion) the surface-energy-driven surface diffusion is strongly temperature 

dependent.  
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The film thickness dependency of the film edge instability can be understood 

from the geometrical argument outlined below. Fig. 1.5, shows that for an edge in 

the SOI device layer, the surface curvature (𝜅𝑒𝑑𝑔𝑒~ 𝑟𝑒𝑑𝑔𝑒
−1) is approximately 𝑡𝑆𝑖

−1 

and the surface distance of the curvature Δ𝑠𝑒𝑑𝑔𝑒 is approximately equals a quarter 

arc of a circle given by 𝜋𝑡𝑆𝑖 2⁄ . Therefore, the average local curvature gradient can 

be approximated by 

∇𝜅(𝑒𝑑𝑔𝑒) ~ 
Δ𝜅(𝑒𝑑𝑔𝑒)

Δ𝑠𝑒𝑑𝑔𝑒
 ~ 

1 𝑡𝑆𝑖⁄

𝜋𝑡𝑆𝑖 2⁄
 ~ 

2

𝜋

1

𝑡𝑆𝑖
2 

 (1.8) 

From (1.7) and (1.8), local surface diffusion flux at the film edge, 𝐽𝑠, has a inverse 

square dependence on Si film thickness, consistent with the existence of a capillary 

edge instability that drives the retraction of SOI edges. It also shows that edge 

instability increase rapidly with decreasing film thickness and increasing 

temperature [3]. 

1.8 Rayleigh Instability 

A high-aspect-ratio cylindrical object becomes unstable under the influence 

of surface tension and lowers its total surface energy by breaking up into a row of 

spherical particles having uniform size and separation (see Fig. 1.6) [87]. 

Properties of cylindrical fluids were first analysed by Plateau and then by Rayleigh 

who demonstrated a relation between the wavelength of a perturbation and the 

size distribution of the droplets with the radius of the cylinder [88, 89]. This work 

on fluids was later adopted by Nichols and Mullins to explain the instability of solid 

Fig. 1.5: Schematic illustration of the capillary instability. The high edge curvature of a 

SOI edge drives mass flow away from the edges, making the edges morphologically 

unstable. 
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rods [90].The characteristic wavelength of the Rayleigh instability is proportional 

to the original radius 𝑅𝑐𝑦𝑙 of the cylinder and independent of the temperature.  

 

A high aspect ratio nanowire fabricated with SOI breaks into crystals whose 

size increases proportionally to the initial radius of the nanowire. The evolution 

timescale of the Rayleigh instability decreases with the radius of the wire and also 

decreases strongly with increasing temperature. Therefore thinner nanowires 

break at lower temperature.  

Due to the capillary edge and Rayleigh instabilities, nanowires fabricated from 

SOI dewets at a reduced temperature compared to un-patterned SOI, and therefore 

makes the surface analysis of nanowires challenging. However, it is shown in 

chapter 6 that the very forces that destabilises and deforms the nanowires could be 

used to clean the nanowires by controlling the thermal processing conditions. In 

this chapter, we have shown that surface analysis through STM can be conducted 

on ultra-small silicon nanowires on insulator structures. Furthermore, as a basis for 

future work, a simple nanowire and nanodisc fabrication technique has been 

demonstrated.  

  

Fig. 1.6: Graphical illustration of the Rayleigh instability. A cylindrical object undulates 

and transforms into a chain of spheres (image taken from [5]). 
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2  

E Q U I P M E N T & M E T H O D S 

The principles behind many of the experimental techniques used throughout 

this thesis are introduced in this chapter including scanning tunneling microscopy, 

X-ray photoelectron spectroscopy, atomic force microscopy, electron microscopy 

and lithography techniques.  

2. 1 Ultra-high vacuum 

Vacuum is generally categorized as low, high and ultra-high vacuum based 

on the pressure range. Ultra-high vacuum (UHV) is a regime of vacuum which is 

characterized by a pressure that is lower than 10-9 mbar. Most surface science 

studies are carried out in an UHV environment. UHV conditions allow atomically 

clean surfaces to be obtained and maintained in a contamination free environment 

during the course of the experiment. Also, some techniques like low energy 

electron diffraction and X-ray photoelectron spectroscopy need UHV so that 

electrons can reach the screen or analyser without colliding with particles and 

being deflected. At atmospheric pressure a gas molecule has a mean free path of 

~60 nm, which means that the gas molecule travels only around 60 nm between 

two collisions, while at UHV, the molecules have a mean free path of several 

kilometres [13]. This means that in low pressure only a few molecules will 

contaminate the sample surface. Therefore for surface science experiments that 

require atomically clean surfaces, UHV conditions are essential.  

UHV chambers are typically made with certain variants of stainless steel, 

which apart from having superior mechanical and chemical characteristics, also 

exhibit properties such as low gas permeability and magnetic permeability close to 

1 [14]. Materials used within UHV systems must have low vapour pressure even at 
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elevated temperature up to 200 ºC, hence refractive metals such as Molybdenum 

and Tantalum are used in cases of high temperature applications. In order to attain 

UHV, the whole system is “baked”, i.e. heated up to temperatures above 100 ºC to 

facilitate desorption of water and contaminants from the inner walls of the 

chamber. While baking, all parts within the chamber are also heated to 

temperatures slightly higher than their working temperature to allow desorption 

of adsorbed gasses which would otherwise outgas during experimental work.  

Several different UHV systems have been used for the experiments described 

in this thesis. While the scanning tunneling microscopy (STM) and X-ray 

photoelectron spectroscopy (XPS) measurements were carried out with a CreaTec 

LT-STM/AFM system and a VG Scienta ESCALab MKII system respectively, the 

thermal process optimization was carried out in a home-made UHV system. Details 

about the CreaTech LT-STM/AFM and the home-made UHV system will be 

described in the following section and the VG Scienta ESCALab MKII XPS system 

will be presented in the XPS section. 

2.2 Scanning tunneling microscopy (STM) 

STM is a type of scanning probe microscopy that uses electron tunneling to 

measure the properties of conducting surfaces with atomic resolution. STM was 

developed at IBM Zurich in the 1980s by Binning and Rohrer [3, 15, 16] and since 

then has developed into an important tool in surface science. STM operates on the 

principle of quantum mechanical tunneling: when a metallic tip is brought to 

within several angstroms from a surface and a bias is applied, there is a finite 

probability that electrons will tunnel between the tip and the surface.  The direction 

of the tunneling depends on the applied bias. STM probes the local electronic 

density of states of the surface, allowing investigation of surface reconstruction and 

surface defects at the atomic scale. To a first approximation, STM provides 

information on the topography of the surface [17]. 

2.2.1 Elastic tunneling through a one-dimensional rectangular potential barrier 

In classical mechanics, an electron with energy E can overcome a one-

dimensional rectangular potential barrier Vo only if E > Vo. However, in quantum  
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mechanics, an electron is described with a wave function  𝜓(𝑥) which satisfies the 

Schrödinger equation:  

−
ħ2

2𝑚

𝑑2

𝑑𝑥2
𝜓(𝑥) + [𝑉(𝑥) − 𝐸]𝜓 = 0 

(2.1) 

Fig. 2.1 shows the wave function of an electron with energy E interacting with a 

one-dimensional potential barrier of height Vo and width s. In Region 1 where E > 

Vo Equation (1) has the solution  

𝜓(𝑥) =   𝜓(0)𝑒±𝑖𝑘𝑥 (2.2) 

where  

𝑘 =  
√(2𝑚 (𝐸 − 𝑉𝑜)

ћ
 

(2.3) 

Where 𝑚 is the mass of the electron, ћ is Planck’s constant divided by 2π and 𝑘 

represents a travelling wave [5]. In Region 2 where E < Vo, the solution is of the 

form  

𝜓(𝑥) =   𝜓(0)𝑒±𝛼𝑥 (2.4) 

where  

𝛼 =  
√(2𝑚 (𝑉𝑜 − 𝐸)

ћ
 

(2.5) 

α is known as the decay constant [5]. In Region 3 (E > Vo) the solution is 

𝜓(𝑥) =   𝜓(0)𝑒−𝛼𝑥 (2.6) 

V

s

E > Vo

E

E < Vo E > Vo

Vo

1 2 3

Fig. 2.1: Wave function 𝜓(𝑥) for an electron with energy E interacting with a one 

dimensional potential barrier with height Vo and width s. Within the classically forbidden 

Region 2 (E < Vo), the wave function decays exponentially and is present in Region 3 (E 

> Vo).  
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Hence the electron wave function decays exponentially within the barrier and for 

a sufficiently narrow barrier, there is a finite probability that the particle will tunnel 

through the barrier. The probability density P of the wavefunction tunneling 

through the barrier is proportional to the square of the wave function [18] (2.6), 

𝑃 ∝   |𝜓(0)|2 𝑒−2𝛼𝑥 (2.6 (a)) 

2.2.2 Elastic tunneling through a one-dimensional potential barrier of arbitrary 

shape 

 An extension to the potential barrier of arbitrary shape can be obtained 

from the description outlined in the section above using the Wentzel-Kramers-

Brillouin (WKB) approximation [17]. The WKB approximation is based on treating 

Planck’s constant (6.626×10-34 m2 Kg s-1) as a small number. The expression of the 

probability D(E) of an electron tunneling through a barrier of arbitrary shape is 

given by 

Where 𝑉(𝑥) is the barrier height at any position 𝑥, 𝑠1 and 𝑠2 (refer to Fig. 2.2) are 

the classical turning points of the barrier and Δ𝑠 = (𝑠2 − 𝑠1) is the width of the 

barrier. The WKB approximation is appropriate only if 𝐸 ≪ 𝑉 and the slope of 

either side (𝑠2 and 𝑠1) of the barrier is gentle. 

2.2.3 Elastic tunneling in planar metal-insulator-metal (MIM) tunnel junctions 

The illustration of elastic tunneling in a one-dimensional potential barrier 

can be applied to MIM tunnel junctions as shown in Fig. 2.2. Here we consider 

similar metal electrodes at thermal equilibrium, exhibiting free electron behavior. 

The insulator is treated as though it were a vacuum. From Eq. (2.7), for an electron 

with energy component 𝐸𝑥 with 

𝐸𝑥 =  
(𝑚𝑣𝑥

2)

2
 

(2.8) 

where 𝑣𝑥 is the electron velocity component in 𝑥 and m is the electron mass, the 

probability 𝐷(𝐸𝑥) of the electron tunneling from one electrode to another through 

an arbitrary shaped barrier is given by 

𝐷(𝐸) = exp(
−2

ħ
 ∫ √2𝑚 [𝑉(𝑥) − 𝐸]

𝑠2

𝑠1

𝑑𝑥) 

= exp( −2 ∫ 𝛼(𝑥, 𝐸) 𝑑𝑥)
𝑠2

𝑠1

 

(2.7) 
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𝐷(𝐸𝑥) = exp(
−2√2𝑚

ħ
 ∫ √[𝜂 + 𝜙(𝑥) − 𝐸𝑥]

𝑠2

𝑠1

𝑑𝑥) 
(2.9) 

where 𝑆1 and 𝑆2 are the distances from the surface of  Electrode 1 to the point 

where the potential energy equals the Fermi energy near electrode surfaces 1 and 

2 as shown in Fig. 2.2, 𝜂 is the Fermi level of the electrode 1 and 𝜙(𝑥) is the 

potential energy of an electron at any position 𝑥 between the two surfaces. By 

introducing a term ϕ   [9] , defined as mean potential barrier height 𝜙 above the 

Fermi level 𝜂 where 

ϕ  = 
1

Δ𝑠
 ∫ 𝜙(𝑥) 𝑑𝑥

𝑠2

𝑠1
 

the tunneling current density 𝐽 at 0 K can be expressed as:  

𝐽 =  𝐽0 ϕ  exp  (−𝐴Δ𝑠√ ϕ  ) −  𝐽0 ( ϕ  + eV) exp(−𝐴Δ𝑠√ ϕ  + eV) 
(2.10) 

 

 

where  

𝐽0 =  
𝑒

4𝜋2ħ(𝛽Δ𝑠)2
 , A =

 2β√2𝑚

ħ
, 𝛽 ≈ 1  

Here, eV is the potential between the two electrodes. Eq. (2.10) can be interpreted 

as a current density J1 flowing from Electrode 1 to Electrode 2 and a current density  

𝑱𝟏 𝑱𝟐 

Fermi
Level

V

eU Fermi
Level

ELECTRODE 1 ELECTRODE 1INSULATOR

Vacuum 
level

Fig. 2.2: Arbitrary shaped potential barrier between two metal electrodes. (Figure taken 

from  [9]). 
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J2 flowing from Electrode 2 to Electrode 1, with the difference between them equal 

to the net density J. The current density is zero with no voltage applied. With an 

applied voltage, the barrier is perturbed and this leads to a current flow which is 

proportional to the applied bias. The applied bias opens up an energy window of 

allowed states with width equal to eV for tunneling [9]. 

2.2.4 Quantum mechanical tunneling as applied to STM 

An STM basically constitutes a metal-insulator-metal or a metal-insulator-

conductor system where a metallic tip is separated a small distance s from the 

conducting sample. The quantum tunneling model for a one dimensional tunnel 

barrier demonstrated above can be applied to STM and used to calculate the 

exponential dependence of the tunnel current on tip-sample separation. The 

tunneling current I typically increases by an order of magnitude for a 1 Å decrease 

in the tip-sample separation [17-20]. This sensitivity of the tunneling current to 

tip-sample separation allows the STM to attain atomic resolution.  

While the analysis of a one-dimensional tunnel barrier describes the 

exponential dependency of the tunnel current on the tip-sample separation, the 

scanning tunneling microscope is not one-dimensional. In addition to moving the 

scanner in the x-y plane with respect to the surface, it is also possible to generate 

images and spectra through varying the scanner position with respect to the surface 

in z. A more detailed theoretical treatment of the tunneling current in STM was 

developed by Bardeen in 1961 [21]. The theory is based on the tunneling process 

in a metal/insulator system. It is assumed that the metal electrodes are a weakly 

interacting system in which the tunneling process is facilitated by the overlapping 

of the wave functions within the insulator, as shown in Fig. 2.3. An expression of 

the tunneling current was obtained using the time dependent perturbation theory 

and Fermi’s golden rule [22]. Tersoff and Hamann [11, 23] later extended the 

approach to provide a quantitative theory for vacuum tunneling between a real 

solid and a model probe with a spherical tip, as present in the STM. For the case of 

low temperature (T ≈ 0 K) and small voltage, they obtained an expression for 

tunneling current as:  
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𝐼 =  
2𝜋

ħ
𝑒2𝑉 ∑ |𝑀𝜇,𝜈|2 𝛿(𝐸𝜇 − 𝐸𝐹)𝛿(𝐸𝑣 −  𝐸𝐹)

𝜇,𝑣

 
(2.11) 

 

where 𝐸𝜇 and 𝐸𝐹 are the energies for the states 𝜓𝜇 of the sample and 𝜒𝑣 of the tip, 

relative to the Fermi level of the respective electrodes. 𝑀𝜇,𝜈 is the tunneling matrix 

element between the two states. The expression (2.11) can be interpreted in a 

simple fashion by considering the ideal case where the tip is assumed to be a single 

point charge at 𝑟𝑡𝑖𝑝 with a radius R. In this case the angle dependence of the charge 

distribution can be neglected. The tunneling matrix element 𝑀𝜇,𝜈 is then simply 

proportional to the amplitude of the sample wave function 𝜓𝜇at 𝑟𝑡𝑖𝑝. In this limit, 

Eq. (2.11) can be expressed as  

𝐼 (𝑟𝑡𝑖𝑝, 𝑉) ∝ ∑ |𝜓𝜇(𝑟𝑡𝑖𝑝)|2 𝛿(𝐸𝜇 −  𝐸𝐹)  ≡  𝜌(𝑟𝑡𝑖𝑝, 𝐸𝐹)

𝜇

 (2.12) 

 

The quantity, 𝜌(𝑟𝑡𝑖𝑝, 𝐸𝐹), is the surface local density of states (LDOS) of the sample 

surface at 𝐸𝐹 at the position of the tip 𝑟𝑡𝑖𝑝. Thus Eq. (2.12) demonstrates that the 

STM image is a contour map of constant surface LDOS.  

 

Fig. 2.3: Illustration of the Bardeen approach to tunneling theory [5]. 
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2.2.5 STM – Experimental details 

Fig. 2.4 shows a schematic diagram of the basic operation of an STM. An 

atomically sharp metallic tip is scanned over a conducting sample surface with a 

separation distance of a few ångströms while a potential difference is applied 

between the tip and the sample. The tip is positioned and scanned over the sample 

using a piezoelectric actuator which has a typical lateral (x-y) resolution of 0.1 Å 

and a vertical (z) resolution better than 0.01 Å. In order to achieve sub-ångström 

precision in an STM, several methods are used to eliminate or reduce mechanical 

vibration. A number of vibration isolation techniques are used in order to damp 

Fig. 2.4: Schematic diagram of a typical scanning tunneling microscope (STM). An 

atomically sharp metallic tip is mounted on a piezoelectric tripod scanner which is capable 

of moving the tip in the x-y (parallel to the sample surface) and z (perpendicular to the 

sample surface) directions with atomic resolution. Movement of the tip in the x-y plane is 

driven by the x-y raster scan generator and the z movement is driven by the feedback 

position controller. In constant current mode, a map of the surface is obtained by plotting 

the feedback voltage as a function of x-y tip position on surface [2, 3] (image taken from  

[2]).  
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both low and high frequency vibrations. These includes vibration isolation legs, 

suspending the STM with metal springs, eddy-current dampers and also use of 

cryogenic temperatures for STM operations.  

There are two principle modes of STM operation: constant height (CH) 

mode and constant current (CC) mode. In CH mode the height of the tip above the 

surface is held constant and in CC mode the tunneling current is held constant. CH 

mode allows faster scans but the tip is susceptible to crashing into the surface if the 

surface roughness is high. Therefore CH mode is best suited for atomically flat 

surfaces.  

In STM, electrons tunnel from tip to sample or vice versa, depending on the 

polarity of the voltage applied between them. Fig. 2.5 shows different energy level 

configuration of the tip and the sample. Fig. 2.5(a) shows the sample and the tip 

separated by a small vacuum gap in equilibrium. Based on the polarity of the 

applied bias, two current modes can be categorized. Filled state imaging, where 

the filled state of the sample is probed while a negative bias is applied to the sample  

with respect to the tip, electron from the filled state of the sample (below EF) tunnel 

into the empty states of the tip (above EF) as shown in Fig. 2.5 (b). For empty state 

imaging, a positive bias is applied to the sample. The Fermi level of the sample 

shifts below the Fermi level of the tip and thus the electrons tunnel from the filled 

state of the tip to empty states of the sample (Fig. 2.5 (c)).  

2.2.6 Tunneling spectroscopy 

In addition to topographic information, STM can also be used to perform 

local dynamic conductance dI/dV measurements to provide a rich body of 

information on the electronic states and energies of the surface [24]. This method 

is known as scanning tunneling spectroscopy (STS). The conductance spectra are 

obtained by measuring the tunnel current while the tip is placed at a fixed height 

over a specific site on the surface and the bias voltage is swept over a specified 

range. Assuming a free electron metal tip, Eq. (2.5) implies that 

𝑑𝐼

𝑑𝑉
 ∝  𝜌𝑠(𝐸𝐹 − 𝑒𝑉) 

(2.13) 
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which shows that the conductance spectra is proportional to the density of states 

(DOS) of the sample (𝜌𝑠). Tunnel current measured at varying voltage can be 

differentiated post measurement to extract conductance data as shown in Fig. 

2.6(a). In order to improve energy resolution, a lock-in amplifier can be used to 

Fig. 2.5: Energy level diagrams for sample and tip. In STM, electrons will tunnel from tip 

to sample or vice versa, depending on the polarity of the voltage between tip and sample. 

(a) Sample and tip at equilibrium, separated by small vacuum gap. (b) Negative sample 

bias: electrons tunnel from the sample into the tip, (c) Positive sample bias: electrons 

tunnel from the tip to sample. 

Fig. 2.6: Example of scanning tunneling spectroscopy data. In STS, tunnel current is 

measured as a function of the bias voltage. The plot describes the conducting property 

of the sample. The first derivative, 
𝑑𝐼

𝑑𝑉
, is directly proportional to the local density of states 

(LDOS) of the sample. (For all practical purposes we assume that LDOS of the tip is 

constant) [11]. (a) shows the relation between tunneling current and conductance 

spectra. (b) shows a STS of a clean bulk Si(100) surface.  
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modulate V and measure dI/dV directly. Fig. 2.6 (b) shows a typical tunneling 

conductance spectra obtained from a clean bulk Si(100) [25-33]. 

2.2.7 Field emission spectroscopy (FES) 

 The energy region above the vacuum level can be accessed in STM through 

field emission spectroscopy. This spectroscopy is carried out with the applied bias 

voltage exceeding the averaged work function. At these biases, electron standing 

waves are formed which manifest as oscillations in the field emission current as 

bias or gap distance are varied [34]. The oscillations are due to the reflection of 

the electrons in the region between the trapezoidal barrier and the surface of the 

sample, as shown in Fig. 2.7(a). The condition  for the standing wave formation 

depends mainly on three factors: a) electronic potential in the gap, b) the energy 

of the field-emitted electrons, and c) the electron reflectance at the surface  [5]. As 

electron reflectance varies with surface, field emission spectroscopy allows 

characterization of the tunneling barrier of various samples and surfaces. Fig. 

2.7(b) shows an example of FES recorded on a Si (100) surface. The dotted and 

the solid lines indicate z(V) and dz/dV spectra respectively. The first peak in the 

dz/dV spectra gives the approximate value of the work function of the surface [34, 

35].  

 

 

Fig. 2.7: (a) Energy diagram for field emission [7] (image from  [12]), (b) typical z(U) 

and dz/dU spectra for Si(100) taken with a Pt tip. 
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2.2.8 Experimental details  

All STM results presented in this thesis were obtained under ultra-high 

vacuum conditions at pressures lower than 1 × 10-10 mbar. In this section, the UHV 

chambers and STM system used in the present work will be discussed. 

A schematic of the Createc STM/AFM system is depicted in Fig. 2.8(a) and 

(b). The system consists of an analysis and a preparation chamber with a gate valve 

isolating one from the other. It also has a fast entry load lock that is used to load 

samples into the system without breaking the vacuum in the inner chambers. The 

analysis and preparation chambers have a base pressure better than 1×10-11 and 

5×10-11 mbar respectively, which is maintained by ion pumps and titanium 

sublimation pumps (TSP). The load lock is connected with a turbo molecular pump 

which is used to achieve pressures in the 10-7 mbar range. Once a high vacuum has 

been obtained, the system is baked at approximately 120 ºC for 48 – 72 hours. Ion 

pumps and TSPs are turned on at the end of baking which reduces the pressure to 

the UHV regime.  

The preparation chamber is equipped with a manipulator to transfer and 

process samples, a carousel to store tips and samples, Ar+ sputtering gun, a low 

energy electron diffraction (LEED) system, a mass spectrometer, and a Hydrogen 

cracker. The manipulator is capable of working either at room temperature or at 

low temperatures. Liquid nitrogen is passed through the inner tube of the 

manipulator in order to cool it down to approximately 80 K. Cooling the 

manipulator during the thermal treatment of the sample reduces outgassing of the 

sample holder and manipulator. The manipulator is equipped for thermal 

processing of samples through resistive heating (Fig. 2.9(a)) and also indirect 

heating over button heaters (Fig. 2.9(b)).  

The Createc LT-STM/AFM can be operated at liquid Nitrogen (77 K) or 

liquid Helium (4.7 K) temperatures; however all STM results presented in this 

thesis were measured at liquid Nitrogen temperature. The STM cryostat is a typical 

bath-type cryostat made of two concentric chambers or dewars isolated with 

vacuum to minimize the boil-off rate. The STM scanner, housed in a temperature-

shielded STM chamber, is attached to the inner cryostat. When operating the STM 
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at liquid Nitrogen temperature, both the dewars are filled with liquid nitrogen. The 

STM scanner along with the sample is suspended on springs during scanning to 

lower the high frequency mechanical noise. The piezo-driven scanner has a scan  

 

Fig. 2.8: Schematics of the LT-STM. (a) Side view illustrating pumping system, preparation 

chamber, STM chamber and vibration isolation system. (b) Top view showing the load-lock 

and manipulator. (c) shows the Createc LT STM.  
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range of 4.2 μm × 4.2 μm × 0.4 μm in the x, y and z directions respectively. A 

platinum-coated tungsten tip is used to measure STM and STS data. 

2.2.9 Tip preparation 

The tip formation of a probe is an important aspect of tunneling microscopy 

as the operating characteristics of the entire microscope depends upon the single 

atom at the very end of the probe tip. The shape, size and chemical composition of 

the tip determines the quality of the data acquired by the STM [36]. The primary 

requirement of a high quality probe tip is its sharpness. UHV-STM probe tips are 

typically made from tungsten by electrochemical etching of a wire either by an AC 

or a DC field. The most widely used etchants are aqueous solutions of sodium 

hydroxide or potassium hydroxide.  

A tungsten wire of about 10 mm length and 0.05 – 0.25 mm diameter was 

mounted lengthwise on a vertical manipulator and positioned at the center of a 

small beaker containing 4 M sodium hydroxide solution, as shown in Fig. 2.10. A 

ring of platinum wire was immersed in the solution. The tungsten wire acts as the 

anode and the platinum ring as the cathode. The tungsten wire was lowered 2 – 3 

mm below the surface of the solution and a potential difference of 2 – 6 V was 

applied between the tip and the ring to initiate the reaction. The etching occurs  

Fig. 2.9: (a) shows a direct heating STM sample holder. Here (a1) a metal spring for 

electric contact and to hold the sample, (a2) an SOI sample, (a3) molybdenum base to 

support the sample, (a4) sample holder, and (a5) electrodes. (b) shows an indirect 

heating sample holder. (b1) a molybdenum plate that holds the sample, (b2) an SOI 

sample, (b3) button heater, (b4) sample holder, and (b5) electrodes. 
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mainly at the meniscus. When the weight of the immersed tungsten overcomes the 

tensile strength of the etched section of the wire, the wire breaks at the necked 

region leaving a sharp tip at the end. A differential current monitoring circuit 

measuring the etching current was used to cuts off the potential difference when a 

sharp change in the current was sensed. The tip was then washed in deionized 

water to remove residual salt on the wire. After the probe tip was loaded into the 

UHV chamber, the tip was bombarded with electrons to remove any contaminants. 

Finally, after the tip was mounted on the STM scanner the apex of the tip was 

coated with platinum by a sequence of controlled crashes on a platinum crystal 

sample. A thorough analysis and confirmation of the tip quality by spectroscopic 

measurements was performed to ensure that the tip was suitable for semiconductor 

sample measurements [37]. 

2.3 Low energy electron diffraction (LEED) 

LEED is a surface analysis technique based on diffraction of electrons from 

periodic surface structures. When the electron beam incident on the surface has a 

Fig. 2.10: Schematic representation of an electrochemical cell showing the etching of a 

tungsten wire in sodium hydroxide solution. The tungsten wire acts as the anode, while 

the stainless steel ring acts as the cathode. 
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de Broglie wavelength comparable to the interatomic spacing on the surface, 

diffraction will occur. The resulting diffraction pattern describes the periodicity of  

 

 

the surface atoms. The diffraction of the electrons from the surface atoms is defined 

by Bragg’s law [38]. A beam of electrons with a wavelength λ incident on a crystal 

scatters and undergoes diffraction from an atomic structure with an interatomic 

distance of a, as shown in the Fig. 2.11. Depending on the angle of diffraction, the 

path length difference between the scattered waves from different atomic planes 

of the crystal can lead to constructive or destructive interference. The path  

Fig. 2.12: (a) Schematic of a LEED experimental set-up. (b) LEED pattern recorded from 

a clean Si(100) surface at an energy of 100 eV.   

Fig. 2.11: Bragg diffraction. Electron beam of wavelength λ incident upon and scattered 

by a 1-D chain of atoms with an atomic separation a. A path difference of d sin(θ) when 

equal to nλ results in constructive interference. 
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difference is given by d sin(𝜃) where 𝜃 is the angle between the incident and 

diffracted waves (Fig. 2.11). A path difference equivalent to an integer multiple 

(n) of the wavelength leads to constructive interference. The relation for 

constructive interference between two waves at normal incidence is given by  

𝑛𝜆 = 𝑑 sin (𝜃) 

The Bragg diffraction measures the atomic distances in inverse space and therefore 

the LEED pattern describes the reciprocal space. 

The experimental set-up for LEED is shown in Fig. 2.12(a). The instrument 

consists of an electron gun, a fluorescent screen and a series of grids. Electrons 

emitted from the gun are accelerated towards the sample with a voltage V between 

10 – 500 V. The electrons that are scattered and diffracted by the sample then pass 

through a series of grids and finally hit the florescent screen resulting in 

scintillations. The outer grid is held at the ground potential to confine the field and 

the inner grids are kept at voltage V ± 𝛿V in order to ensure that only the elastically 

scattered electrons reach the screen. Fig. 2.12(b) shows a 2×1 LEED pattern 

recorded from a clean Si(100) surface at 100 eV. 

2.4 X-ray photoelectron spectroscopy (XPS) 

XPS is a widely used qualitative surface analysis technique that yields 

chemical information about the surface of the sample. XPS is based on the 

photoelectric effect: photons of known energy incident on the sample causing the 

emission of photoelectrons from atomic orbitals. The binding energy of the 

photoelectrons in the material can be calculated using the known energy of the x-

rays and the measured kinetic energy of the emitted electrons, as described in the 

following equation [39]:  

𝐸𝐾.𝐸 = h𝜈 −  𝐸𝑏 −  𝜙𝑠 (2.14) 

where, 𝐸𝐾.𝐸 is the kinetic energy of the emitted electron, ℎ𝜈 is the energy of the 

incident photon, 𝐸𝑏 is the binding energy of the electron and 𝜙𝑠 is the work 

function of the spectrometer, since the sample and the spectrometer are connected 

to a common ground. For a known ℎ𝜈 and 𝜙𝑠 and a measured 𝐸𝐾.𝐸, the binding 

energy 𝐸𝑏 of the photoelectron can be calculated. In an XPS experiment, a 

monochromatic x-ray source of known energy ℎ𝜈 is used. Mg and Al are chosen for 
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anode materials as the characteristic x-ray emission spectrum for each element is 

dominated by a single emission line. The energy of the main Mg x-ray emission line 

is 1253.6 eV, while the main Al line is at 1486.7 eV [39]. Each element has a 

characteristic set of core level binding energies. In addition, the binding energy is 

sensitive to the chemical environment of the element. Therefore, XPS can be used 

to determine both the elemental composition of the sample surface material and 

also analyze the chemical states of the atoms [19, 20, 40]. As the electron has a 

low mean free path in a material, only the electrons emitted by the top few layers 

of the sample reach the detector and therefore XPS is a surface-sensitive technique. 

However, the surface sensitivity or the depth range of XPS measurements can be 

varied to a certain extent with angle dependent XPS measurements. The surface 

sensitivity of the measurements increases as the measurement angle with respect 

to the analyzer decreases Angle-dependent XPS measurements have been used in 

this work to study the oxide desorption and surface morphology of the SOI device 

layer under various thermal processing conditions.  

A VG Scienta ESCALab MKII XPS system equipped with a Mg/Al twin anode 

x-ray source was used in this work. The energy of the Mg x-ray emission line is 

1253.6 eV, while the main Al emission line is at 1486.7 eV. The system has a 

concentric hemispherical analyser with an array of three channeltron detectors. 

The data acquisition and processing was performed using the Thermo Scientific 

Avantage software. Details about the XPS measurements and the data processing 

is described in Chapter 3 in greater detail. 

2.5.1 Atomic Force Microscopy (AFM) 

AFM is a powerful scanning probe microscopy technique similar to STM that 

is used to visualize and measure surface structure and properties with an 

extraordinary resolution [41]. However, unlike STM, AFM measurements are 

seldom affected by the measuring environment or the type of sample [42]. 

Therefore AFM can be performed in air, liquid or vacuum [42] on any material, 

irrespective of its opaqueness, hardness [43, 44] or electrical conductivity. In an 

AFM, unlike a conventional microscope, the surface morphology is imaged not 

using light but rather by ‘touching’ the surface using a sharp probe or a tip. The 
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height of surface features are recorded at every point or pixel within a 2D array 

over the surface. The height data acquired is then processed by an image processing 

software and the 3D data is displayed with a colour gradient or grey scale 

indicating the height features. A typical height measurement range in an AFM 

extends up to a 10s of micrometres with a sub-nanometre resolution in z direction 

and in the x-y plane the scanning range can be as high as 100 μm with a resolution 

of 1nm or lesser. The highest achievable resolution is mainly limited by the 

sharpness of the probe tip - with an atomically sharp tip, atomic resolution can be 

achieved [45-49]. As the AFM probe physically interacts with the sample, AFM can 

also be used as an analytical tool to quantitatively study and map mechanical, 

electrical and magnetic properties of samples [8].   

 

The two principal modes of operation for AFM are contact mode and tapping 

mode. In contact mode the tip is in continuous contact with the sample surface. In 

this mode the tip is in the repulsive regime of the van der Waals interaction curve, 

as indicated in Fig. 2.13. A constant force is maintained between the tip and the 

surface during scanning by maintaining a constant laser deflection from the 

cantilever. This is achieved via the feedback system connected to the z-axis piezo 

system. In tapping mode the tip cantilever is allowed to oscillate at or near its 

resonance frequency and the cantilever oscillation amplitude or frequency is 

monitored. As the tip approaches the surface, the tip oscillation amplitude, phase, 

Fig. 2.13: Force – Distance plot showing the interaction of an AFM tip with the surface. 

The dashed and dashed-dotted curves show the attractive and repulsive forces 

respectively, and the solid curve shows the resultant force response [8].   
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and frequency changes. The amplitude, frequency or phase can be used by the 

feedback circuit to control and record the tip position during scanning and also 

extract significant details about the sample such as the stiffness [50], adhesion and 

chemical inhomogeneity on the sample surface [8].  

  

An AFM operates by raster-scanning a sharp probe tip over the surface of 

the sample while measuring the sample height at every pixel point. Usually the 

probe tip is attached to a flexible micro-cantilever which bends on reaching the 

surface due to van der Waal forces (see Fig. 2.13). A laser beam is made to reflect 

off the back of the cantilever, which is coated with reflective material to maximize  

 

the laser reflection, as shown in Fig. 2.14, and fall onto a quadrant detector. The 

bending of the cantilever and thus the tip movement is measured and quantified 

Fig. 2.14: Illustration of the basic components of an AFM. x- and y- piezoelectric scanners 

move the tip across a surface while the z- piezo oscillates the cantilever and also controls 

the height of the tip over the sample. A laser is reflected off the reflective coating on the 

back of the cantilever onto a photodiode that detects the changes in the oscillation 

amplitude, causing a feedback mechanism to move the tip in the z-axis [8].  

Fig. 2.15: Schematic of a Q-plus AFM/STM sensor. 



CHAPTER 2: EQUIPMENT AND METHODS 

 

42 
 

by recording the position of the laser spot on the detector. Alternatively, the surface 

feature height can also be measured by a tip mounted on a quartz tuning fork (see 

Fig. 2.15) [51]. The tuning fork system is generally called a qplus sensor and is 

commonly used in ultra-high vacuum AFM and AFM-STM systems. The tuning fork 

is allowed to oscillate at its resonance frequency and as the tip approaches the 

surface, a shift in resonance frequency is observed due to van der Waals interaction 

between the tip and the surface.  

2.5.2 Phase contrast imaging 

 When operating an AFM in tapping mode, it is possible to record changes in 

the amplitude, phase and excitation voltage of the cantilever oscillation. These 

signals define the tip-sample interaction. In addition to sample topography, 

properties such as material stiffness, tip-sample adhesion, and friction can be 

characterized [50, 52-54]. As the probe ‘taps’ the sample surface, the amplitude 

and phase response relative to the driving oscillation is recorded. The phase signal 

shifts as the tip encounters variation in the surface material properties (see Fig. 

2.16) and this variation is depicted with color contrast in the phase image. This  

 

Fig. 2.16: The phase lag changes depending on the mechanical properties of the sample 

surface (Image from  [6]). 
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allows AFM in tapping mode to measure ultra-low forces, determining the 

properties of the sample with high spatial resolution. For example, with the use of 

an appropriate tip, relative variation in the local stiffness of the sample can be 

mapped with high sensitivity through phase contrast imaging [55]. Therefore by 

combining AFM phase contrast imaging with chemical analysis like XPS, the nature 

of surface inhomogeneity on the sample can be studied.  

In tapping mode, a probe oscillating at high frequency is employed for imaging. 

In each oscillation cycle, the tip apex spends some time close to and in contact with 

the sample surface resulting in the tip experiencing attractive and repulsive forces 

[50]. A freely oscillating cantilever with resonance frequency ω0, mass m and 

quality factor Q, its spring constant k is given by 

𝑘 = 𝑚𝜔0
2 (2.15) 

As a function of vibrational frequency ω, the phase angle 𝜙 (in radians) of the 

free cantilever oscillation is expressed as [50] 

𝜙 = 𝑡𝑎𝑛−1 (
𝑚𝜔𝜔0

𝑄(𝑘 − 𝑚𝜔2)
) (2.16) 

As a function of ω, this angle varies sharply around ω0. At ω=ω0, 𝜙 is π/2; 𝜙 

is smaller than π/2 for ω<ω0, and larger than π/2 for ω>ω0. The interaction of 

tip and sample changes the vibrational characteristics. Essentially, the tip-sample 

force interaction changes the force constant of the cantilever to a new effective 

value 𝑘𝑒𝑓𝑓 = 𝑘 + 𝜎, where 𝜎 represents the sum of the force derivatives of all the 

forces 𝐹𝑖 acting on the cantilever 

𝜎 = ∑
𝜕𝐹𝑖

𝜕𝑧
⁄

𝑖

 (2.17) 

where z represents the relative displacement between the tip and sample [50]. 

Therefore Eq. 2.16 can be expressed as  

𝜙 = 𝑡𝑎𝑛−1 (
𝑚𝜔𝜔0

𝑄(𝑘 + 𝜎 − 𝑚𝜔2)
) (2.18) 

when 𝜎 is very small in magnitude compared with k, 𝜙0 the phase angle 𝜙 at 𝜔0 is 

given by [50]  

𝜙0 = 𝑡𝑎𝑛−1 (
𝑘

𝑄𝜎
) 

(2.19) 
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and the phase shift Δ𝜙0, between the free and interacting cantilever can be defined 

as [50] 

Δ𝜙0 =
𝜋

2
𝑡𝑎𝑛−1 (

𝑘

𝑄𝜎
) ≈

𝑄𝜎

𝑘
 

(2.20) 

Thus the phase shift is positive when the overall force acting on the tip is repulsive, 

and negative when the overall force is attractive [50]. When overall force 

derivative 𝜎 is dominated by the surface stiffness, the phase image can provide a 

map of stiffness variation on the surface of the sample: stiffer region showing more 

positive phase shift and hence appearing brighter in phase image. Phase contrast 

imaging has been used in this work to study the effect of thermal treatment on the 

morphology and chemical composition of SOI [33].  

2.5.3 Kelvin probe microscopy (KPM) 

Kelvin Probe Microscopy (KPM) is a tool that enables imaging of local contact 

potential difference and surface potential or the work function of samples. KPM 

can be used on a wide range of materials and is incorporated in most research 

grade AFMs as an additional mode. Since its first introduction in 1991 by 
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Fig. 2.17: Ideal tip and sample electronic energies at the vacuum level Evac and Fermi 

level EF, for the case of dissimilar work function. Materials that are a) not electrically 

grounded, b) electrically grounded, and c) electrically connected with a battery in 

between, of the exact potential difference needed to match the work-function difference 

and thus align vacuum levels [10]. Φs and Φt are the work function of sample and tip, 

respectively. 
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Nonnenmacher et al. [56], KPM has been extensively used in the research 

community as a tool to characterize, with nanometre scale resolution, a diverse 

range of materials, including metals, semiconductors [57], organic materials [58-

60] and also biological materials [61, 62]. One of the main advantages of the tool 

is its ability to study the electronic properties of individual metal and 

semiconductor nano-structures and devices with nanometre spatial resolution. 

When two conductors are brought into electrical contact the Fermi energies of 

conductors line up (see Fig. 2.17). This happens through transfer of electrons from 

the material with lower work function to that with a higher work function. If the 

conductors are brought close together so that they form a parallel plate capacitor, 

equal and opposite charges are induced on the surfaces [8]. This built-up potential  

is called the surface potential or the Contact Potential Difference (CPD). CPD is 

equal to the potential difference of the two materials. CPD can be measured by 

applying an external potential to the capacitor until the surface charges disappear 

[1]. This can be done using a vibrating electrode technique and the nulling concept 

[63]. When the tip is made to vibrate vertically over the sample, the capacitance 

varies with the distance and this leads to an AC current. The external potential that 

nullifies this AC current will be equal to the CPD.  

 

 

The KPM measurements reported in this thesis were carried out in a Bruker 

AFM system. This system uses a two-pass interleaved process for CPD 

measurements called LiftMode (see Fig. 2.18). The surface topography is obtained 

CPD Data
(Interleave scan)

Topography Data 
(Main scan)

Fig. 2.18: LiftMode principles used in CPD measurements (Image from  [1]) 
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by tapping mode in the first pass and on the second pass the tapping drive piezo is 

turned off and an oscillating voltage VAC Sin ωt is applied to the probe tip. When 

there is a DC voltage difference between the tip and sample, an oscillating electric 

force with frequency ω is observed. This oscillating force vibrates the tip cantilever 

whose amplitude can be detected. Further, a DC voltage is applied to the tip to 

bring the cantilever vibration to zero and this DC voltage is equal to the local CPD. 

CPD measurements have also been done in the UHV STM-AFM system with a qplus 

tip. In this case, while the tip is allowed to oscillate at the resonance frequency at 

a fixed distance from the surface, the change in force, df, is recorded as the voltage 

is varied. At the voltage corresponding to CPD, a minimum is obtained in the df 

curve. CPD and KPM data were recorded at both UHV and atmosphere in order to 

observe the variation in SOI work function and are described in Chapters 2 and 3 

of this thesis. 

2.6 Electron microscopy 

Electron microscopy is a powerful characterization technique that uses 

beam of electrons to generate high resolution nano-scale images of samples. Since 

electrons have considerably smaller (de Broglie) wavelengths than light, electron 

microscopes can achieve much higher magnification and greater resolution in 

comparison to optical microscopes. Scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) are the two main types of electron 

microscopy. 

2.6.1 Scanning electron microscopy (SEM) 

One of the first commercial scanning electron microscope was developed by 

Charles Oatley, in 1965 [64]. SEM uses a focused electron beam to scan line by 

line over the sample in a rectangular raster pattern, collecting the reflected and 

scattered electrons through various detectors to form an image of the sample. The 

high energy incident electrons on the sample leads to various elastic and inelastic 

interactions with the sample atoms leading to emission of backscattered electrons 

(BSE) and secondary electrons (SE) respectively. While a contrast in SE image 

gives the morphology of the sample, BSE image contrast is produced due to the 

variation in the atomic number of the elements in the sample. The interaction of 
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the electrons with the sample also leads to the emission of characteristic x-rays 

which permits a quantitative elemental analysis of the sample. This analysis 

technique is known as Energy Dispersive X-ray Spectroscopy (EDXS or EDS). SEM  

 

has been extensively used in this work to image the fabricated nano-structures and 

devices and also to study the varying surface morphology of SOI due to thermal 

processing. All SEM analysis were carried out in a Zeiss Ultra FE-SEM and Zeiss 

Supra FE-SEM. 

2.6.2 Electron beam lithography (EBL) 

The scanning electron microscope can also be used for fabrication of nano-

structures using a processes known as Electron Beam Lithography (EBL). In order 

to carry out EBL, the sample is initially coated with an EBL resist. An EBL resist is 

an electron sensitive material, i.e. a material that undergoes chemical changes such 

as crosslinking when exposed to a beam of electrons. Typically, the chemical 

changes in the resist material due to exposure results in the alteration of its 

solubility property. A resist that dissolves in a solvent after the exposure is used as 

a positive resist while a resist that loses its solubility property after the exposure is 

used as a negative resist. A thin film of resist, usually several tens of nanometres 

Fig. 2.19: Schematic of the various interactions between the electron beam and the 

sample.  
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thick, is coated on sample wafer using a spin coater and the focused electron beam 

in a SEM is used to write patterns on the resist. Samples are then developed by 

rinsing in a solvent for a specified time. This process, depending on the type of 

resist used, will leave either a nano-sized resist pattern on the sample surface or 

nano-sized hole or etch pattern on the resist film. In the experiments described in 

this thesis, EBL resists such as ma-N 2403, Hydrogen silsesquioxane (HSQ) and 

PMMA were used to fabricate nano-structures on SOI. The SOI samples with the 

patterned resist were further processed with reactive ion etching to obtain nano-

structures on SOI. All EBL processes were carried out with a  Zeiss Supra FE-SEM 

in the Advanced Microscopy Laboratory (AML) at Trinity College Dublin and Vistec 

EBPG 5000 Plus system in Helmholtz Nanoelectronic Facility (HNF), Jülich, 

Germany.  

2.6.3 Transmission electron microscopy (TEM) 

A Transmission electron microscope, as the name suggests, is a type of 

electron microscope that operates in a transmission mode where a beam of high 

energy electrons, typically ranging from 50 – 300 keV, is transmitted through the 

sample and collected by detectors on the other side. Due to the higher electron 

acceleration voltage used, a TEM can generally attain magnification and resolution 

that is orders of magnitude higher than SEM. Apart from imaging, TEM can also 

be used in to study the crystallinity of nano-structure samples using a technique 

called selected area diffraction (SAD). For electrons to be able to pass through a 

sample, it must be less than 100 nm thick. Nanostructure samples are transferred 

on to a TEM grid either by drop casting of by lamella preparation. Thin film samples 

such as SOI are thinned and processed into lamella using a Focused Ion Beam (FIB) 

tool. For this work, SOI samples were processed into lamellae in a Zeiss Auriga FIB 

system, using a reactive gas injection system for reactive ion etching and deposition 

of a Pt capping layer. The cross section TEM analysis of SOI was carried out in an 

FEI Titan 80-300 (S) TEM system.  

2.7 Inductively coupled plasma – Reactive ion etching (ICP-RIE) 

Plasma etching is a process of modifying the sample surface by exposing it 

to a plasma of appropriate gas mixtures which is either charged or neutral. A 
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plasma chamber typically uses a capacitively or inductively coupled radio-

frequency voltage to excite the plasma. Reactive ion etching (RIE) is a type of 

plasma etching that contains large number of high energy ions impinging on the 

etch surface. Materials can be etched with a plasma of gases composing of a neutral 

feed gas and dissociated molecules including some radicals. Reactive F radicals 

used in the ICP process chemically react with silicon, forming highly volatile 

product such as SiF4 which then etches the wafer. RIE has an increased etch rate 

due to the additional ion bombardment compared to the normal chemical plasma 

etching and this results in the vertical anisotropic etch profile [14]. Additionally, a 

mixture of CHF3 and SF6 feed gas used in the RIE process increases the anisotropy 

in the etching. An etch-resistant polymer is deposited on the side walls of the 

structures during etching, which enables fabrication of structures tens of 

nanometers wide and etched hundreds of nanometres deep. To fabricate structures 

and clean the samples an Oxford Instruments ICP-RIE system was used, with feed 

gasses such as SF6, CHF3, Ar and O2.  

2.8 Spectroscopic Ellipsometry 

 

 

Spectroscopic Ellipsometry (SE) is a non-contact optical technique that is 

mainly used to determine the thickness and optical constants of thin film materials. 

SE can also be used to characterize the material composition, crystallinity, 

roughness, doping concentration and several other material properties that are 

associated with the changes in optical response [4]. The polarization of a beam of 

Fig. 2.20: Interaction of the linearly polarized light with the sample [4]. 
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light is altered when it is reflected from the surface of a material or transmitted 

through it. An ellipsometer measures the change in polarization state induced by 

reflection from the sample by recording the amplitude ratio ψ and the phase 

difference Δ between the s and p components of the polarized light. The relation 

between ψ and Δ is given by [65]  

tan(𝜓) 𝑒𝑖Δ =  𝜌 =  
𝑟𝑝

𝑟𝑠
 

where ρ is the ratio of the reflectivity of p-polarized (𝑟𝑝) and s-polarized (𝑟𝑠) light 

and tan(ψ) is the magnitude of the reflectivity ratio. In SE, ψ and Δ values are 

recorded as a function of wavelength which enables simultaneous determination 

of various physical properties. SE was used in this work to determine the thickness 

of the SOI films. Measurements were carried out in an Alpha-SE Ellipsometer by J. 

A. Woollam Co., in a rotating compensator (RCE) configuration and attached with 

charge coupled detector (CCD) detector. The angle of incidence of the polarized 

light was set to 65º, 70º and 75º in turn and scanned through the wavelength range 

of 380 - 900 nm. Acquired data were fit with an SOI model. The accuracy of the 

ellipsometry data were independently verified using standard commercial samples 

and cross-sectional TEM analysis. The deviation of the measured SOI and BOX 

thickness between SE and other techniques were found to be less than ±0.5 nm for 

a broad range of samples.  

2.9 Secondary Ion Mass Spectroscopy 

Secondary Ion Mass Spectroscopy (SIMS) is an extremely sensitive material 

analytical tool that is used to characterize the composition of solid material 

surfaces or thin films. The surface of the material under investigation is sputtered 

with a focused ion beam where the highly energetic interaction of the primary ions 

with the sample material ionises the elements in the sample. A negatively charged 

primary ion produces positively charged secondary ions and vice versa. Thus 

ejected secondary ions are collected and analysed with a mass spectrometer. SIMS 

analysis was adopted in this work to determine the doping density and doping 

concentration profile in ion implanted SOI. The variation in the doping 

concentration profile was studied as a function of annealing at various high 

temperatures to understand the diffusion and segregation of dopants in SOI films. 
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The SIMS data were also compared with the electrical resistivity measurements of 

thinned SOIs to determine the effective doping concentration in the ultra-thin 

films. All SIMS measurements were performed in a TOF SIMS 5 system at 

University of Limerick Ireland.  
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3  

T H E R M A L  T R E A T M E N T  O F   

S I L I C O N – O N – I N S U L A T O R 

A freshly formed silicon surface is highly reactive and therefore the surface 

is immediately covered with a thin layer of oxide known as native oxide on 

exposure to atmosphere. Surface analysis of silicon samples in STM requires 

removal of the native oxide before the measurements. Removing the thin native 

oxide layer from silicon in an UHV environment involves annealing the samples at 

extremely high temperatures. Processing SOI at elevated temperature without 

damaging the device layer is a significant challenge. Changing chemical 

composition on the surface and loss of integrity of the device layer during the high 

temperature annealing are major issues. In order to address these challenges, a low 

thermal budget process was developed and the thermal decomposition of the 

native oxide in UHV was investigated using SEM, AFM, STM and XPS analysis. The 

evolving morphology and chemical composition of the native oxide and the SOI 

device layer were investigated as a function of anneal temperature and duration. 

An elaborate ex-situ cleaning process was developed to both reduce the 

contamination and cap the surface with a chemically grown ultra-thin oxide. An 

effective annealing process that desorbs oxide without disturbing the integrity of 

device layer was subsequently optimised. The ex-situ and the in-situ processing 

parameters and the results of their surface analysis are discussed in detail in this 

chapter. 
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3.1 Introduction 

In situ preparation of Si samples in UHV is usually accomplished via thermal 

annealing at high temperature. This process removes the native oxide from the 

sample, resulting in an atomically clean surface [2-8]. At high temperatures Si 

adatoms are created which then diffuse on the surface and react with SiO2 to 

produce SiO via the equation [10, 11] 

Si + SiO2 → 2SiO (g)↑ (3.1) 

The silicon monoxide then sublimes from the surface [12]. While the oxide can 

easily be desorbed from the surface of bulk silicon, there are several challenges 

involved in doing the same from an SOI surface. There are additional challenges 

associated with lower SOI thicknesses and engineered SOI surfaces. 

Thin films are susceptible to a phenomenon known as “dewetting,” whereby 

the film agglomerates into small islands in order to minimize surface energy, 

exposing the underlying low surface energy layer [13-20]. Once the native oxide 

has been removed from the SOI, the Si device layer becomes mechanically unstable 

and exhibits dewetting behaviour on annealing, peeling back to uncover the BOX 

[21, 22]. The recognized procedure for in-situ cleaning of bulk Si in UHV involves 

heating samples to temperatures of approximately 1200 ºC [23]. These thermal 

conditions are extreme in the case of SOI and therefore a low thermal budget 

process of removing the oxide from SOI is essential in order to avoid dewetting of 

the device layer [24, 25]. 

In this chapter, oxide desorption from the Si(100) SOI device layer and the 

challenges involved in doing so have been discussed in detail. During the course of 

this work, low thermal budget processes were investigated in order to facilitate 

oxide removal while avoiding dewetting of the device layer. The effects of 

annealing of SOI in UHV at varying temperatures, for different durations and the 

resultant oxide desorption and surface morphology were studied using SEM, AFM, 

STM, and angle-dependent XPS measurements. Pre-anneal cleaning steps were 

also investigated, with the aim of reducing the amount of carbides present on 

annealed SOI samples. The pre-anneal cleaning conditions and UHV annealing 
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parameters developed and optimised for ultra-thin SOI down to 5 nm thickness are 

presented in this chapter.  

3.2 Experimental details 

All thermal process optimizations were carried out in the custom-built UHV 

chamber described in section 3.3. The optimised conditions were then used for 

experimental work carried out in the STM preparation chamber. The base pressure 

of all the vacuum systems used in this work was better than 1 × 10-10 mbar. Highly 

doped n-type SOI with phosphorous concentration of 1019 cm-3, with an initial 

Si(100) device layer thickness of 50 nm and 12 nm were studied. While the native 

oxide thickness was around 2 nm, the buried oxide (BOX) thickness was 130 nm 

in case of the 50 nm SOI and 25 nm in case of the 12 nm SOI. Samples were cut 

into a standard size of 11 mm × 4 mm using a diamond wafer cutting tool.  

Techniques such as direct resistive heating and indirect heating on a button 

heater were used for the thermal treatment. Sample temperature for both direct 

and indirect heating system were measured with a thermocouple and a Resistance 

Temperature Detector (RTD) for a standard sample, where the heating power and 

temperature relationship was calibrated. Labview annealing software was 

developed to control the heating current, power and time. The software enabled 

reproducibility in the ramp rate and anneal time thus ensuring consistency in the 

annealing results. The temperature ramp rate for the thermal treatment was fixed 

for all experiments while the annealing power and hold time were varied. For 

certain experiments, the experimental setup was designed such that a thermal 

gradient of ~ 50 ºC was present along the sample during annealing. The gradient 

measurements were carried out on a direct resistive heating set-up, with the 

gradient created by increased dissipation on one side of the sample. Multiple 

anneal cycles were adopted for some thermal treatments in order to avoid 

dewetting.  

An Oxford Instruments ICP-100 plasma system was used for plasma 

cleaning and thinning of SOI. Several different plasma recipes were used to thin 

the device layer thickness. A feed gas mixture of SF6 and CHF3 were used in the 

fluorine based plasma etching recipes and pure oxygen was used in the oxygen 
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plasma etch recipes. Post-anneal characterization such as surface morphology was 

investigated using a Zeiss SEM system and a Bruker AFM system, while chemical 

analysis of the surface was carried out in a VG scientific ESCALab XPS system. All 

AFM measurements were performed in tapping mode with Silicon AFM tips 

acquired from BudgetSensors. Stiffer tip cantilever with resonance frequency of 

approximately 300 kHz were used for phase analysis measurements to lower the 

influence of tip-surface adhesion.  

Ex situ XPS measurements were carried out in a UHV chamber with a base 

pressure lower than 1 × 10-9 mbar. Turnaround time between removal of samples 

from the UHV chamber following annealing and their introduction into the XPS 

chamber was approximately 20 min. An aluminium anode with Kα = 1486.7 eV 

was used as the x-ray source. The measurements were carried out at three different 

angles, corresponding to near-normal and grazing incidence with respect to the 

analyser, as well as an angle of intermediate incidence. STM measurements were 

also carried out to analyse the surface quality of SOI after it had undergone the ex 

situ cleaning and in situ thermal processes.  

3.3 Test chamber 

In order to carry out the optimization study, a customized UHV chamber  

Fig. 3.1: Schematic (a) and an image (b) of the standalone UHV chamber demonstrating 

different parts. 
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was built. Fig. 3.1 (a) and 3.1(b) shows the schematic and image of the chamber, 

detailing different parts of the system. The UHV system is made up of a single 

chamber with a turbo molecular pump, ion pump and TSP. The chamber had a 

gate valve that could isolate the chamber from the turbo molecular pump. The base 

pressure of the chamber was lower than 1×10-10 mbar. The chamber comprised of 

a manipulator that could process four samples through direct current heating, a 

LEED system, a mass spectrometer and a plasma source. The chamber also had a  

cold finger that could cool the manipulator down to approximately 180 K. 

Following thermal processing, the samples were analysed in situ with LEED. 

Successful desorption of oxide from the sample surface was confirmed with a 2 x 

1 LEED pattern. Samples were then analysed ex situ with SEM, AFM and XPS. 

3.4 Chemical etching of oxide 

 A simple approach to remove the native oxide on silicon is etching the oxide 

in dil. HF. This processes leaves the silicon surface passivated with hydrogen. The 

passivated hydrogen can then be desorbed in UHV from Si surface at around 530ºC 

[26-28].  

Oxide capping on SOI samples were etched with HF treatment and rinsed 

in DI water. The samples were loaded into the UHV load-lock within 20 – 30 mins  

following the HF treatment. A good 2 x 1 LEED pattern was observed following 

annealing, however, the surface showed presence of narrow protrusions. Fig. 

3.2(a) and 3.2(b) shows STM images, with different magnifications, of the surface 

of SOI following flash annealing at round 700 ºC to desorb all hydrogen. The STM 

images were recorded with 7 V bias and 5 pA current setpoint. The STM images 

clearly showed several protrusions with flat regions between them. Fig. 3.2(c) 

shows the tunnelling spectra recorded from a protrusion (black) and the flat region 

between the protrusions (grey). The band gap of protrusions were around 2 eV, 

which was similar to the band gap reported in the literature for SiC [29-32]. 

However, the region between protrusions were silicon. The SiC contamination was 

probably due to the reaction of hydrocarbons with the hydrogen passivated surface 

and the residual dangling bonds of Si dimers [33-38] while the sample was exposed 

to the atmosphere during the sample transfer into UHV following HF etching. 
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Several attempts were made to produce a clean surface from a H-passivated 

surface, however, the surface contamination could not be avoided. Furthermore, 

the hydrogen passivated silicon surface also oxidised within short time of exposure 

to atmospheric air [39]. Therefore, H-passivation of SOI prior to UHV flash 

annealing was found to be an unsuitable approach to obtain a clean and oxide free 

SOI surface or even to lower the processing thermal budget.  

Fig. 3.2: H-passivated 12 nm SOI surface after flash annealing at 700 oC. (a) and (b) shows 

the STM image with different magnification. (c) shows the tunneling spectra recorded from 

the protrusions (black) and the region between the protrusions (grey). The STS data 

suggests that the protrusions are probably carbides and the region between is silicon.  
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3.5 Thermal desorption of oxide layer  

 The native oxide layer on the silicon surface can be desorbed by annealing 

the sample at temperatures above 800 ºC for a short duration depending on the 

thickness of the oxide layer. This process is known as flash annealing or flashing. 

The desorption mechanism of native oxide on silicon is widely accepted to be a 

four step process [7, 40, 41]. At first, voids or oxide free regions (OFR) are formed 

on the oxide film exposing the silicon underneath, subsequently producing silicon 

monomers on the OFR surface. Secondly, silicon monomers diffuse and migrate 

towards the reaction site which is the Si-oxide interface at the perimeter of the 

OFR. After reaching the Si-oxide interface, adatoms react to form Si-rich oxide and 

finally volatile SiO is formed. Creation of the voids on the oxide film is a spatially  

Fig. 3.3: Schematic of the stages of thermal desorption. (a) The initial stage where voids 

are formed and grow. (b) The middle stage where the voids merge and form irregular 

reaction fronts, indicated by the arrows in the panel on the right. (c) The final stage where 

only oxide islands are left. The panel on the right depicts the increased verticle distance 

from the silicon surface to the oxide (image from Xue et. al. [1]). 
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inhomogeneous process. Voids are believed to nucleate at defects in the oxide [1, 

42]. Void growth and propagation largely depends on factors such as the anneal 

temperature [2, 40, 43], surface contamination [44, 45], oxide formation methods 

[46, 47] and oxide interface quality [48]. Growth of voids and thermal 

decomposition of the oxide is demonstrated in Fig. 3.3. Once a void is created (see 

Fig. 3.4: SEM images showing six different regions along the centre of a 50 nm SOI 

samples after annealing at 750 oC, ten cycles of 60 s duration each. (a) shows the 

approximate location where each image (b) to (g) was recorded [9].  
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Fig. 3.3(a)), reaction continues at the silicon-oxide interface at the edges of the 

OFR and hence the void increases in size. This further leads to the overlapping of 

OFRs as shown in Fig. 3.3(b). During this process silicon adatoms which are formed 

at the edges of the atomic steps are consumed by the reaction layer by layer. 

Eventually, as shown in Fig. 3.3(c), the reaction reaches a stage where only islands 

of oxide are left. When two adjacent voids overlap and continue to grow, a vertical 

height of several angstrom (~12 Å) may be present between the silicon surface 

and the oxide island trapped atop a Si pillar [1]. This increases the activation 

energy of the reaction. Annealing at further higher temperature results in 

desorption of all oxide exposing atomically clean Si underneath [12]. 

The experimental set up to optimise the thermal processing was designed 

such that a temperature gradient of ~50 ºC was maintained along the sample 

during annealing. The temperature gradient allowed the study of different stages 

of oxide desorption on a single sample [12]. Fig. 3.4 shows SEM data recorded at 

different points along a single SOI sample following ten anneal cycles at 750 ºC, 

each of 60 seconds duration. The temperature of 750 ºC was measured at the 

centre of the sample. The six images, labelled (b) – (g), were recorded along the 

middle of the sample, moving from the lower temperature end to the higher 

temperature end, as indicated in the schematic shown in Fig. 3.4(a). The first stage 

of the oxide desorption process can be seen in Fig. 3.4(b). Here the lighter grey 

colour signifies areas of native oxide, while the darker areas are OFRs [1, 10, 11].  

Fig. 3.4(c) was recorded from an area whose temperature was slightly 

higher than that shown in Fig. 3.4(b). There are a greater number of OFRs seen in 

Fig. 3.4(c) and also the average size of the OFRs is comparatively larger, indicating 

that both the number and the size of voids increase with annealing temperature. 

The OFR size distribution in Fig. 3.4(c) indicates that OFR nucleation continues 

throughout the duration of the anneal [1, 2].  

The density and size of OFRs also continues to increase with the 

temperature. Fig. 3.4(d) and 4(e) shows the progression of the oxide desorption. 

As the size and number increases the OFRs start to overlap and coalesce. In Fig. 

3.4(e), oxide is desorbed from more than 50% of the visible surface area, leaving 
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only some irregularly shaped oxide islands trapped atop silicon pillars between 

adjacent voids, as shown in Fig. 3.3(c). These oxide islands decrease in size as the 

oxide desorption continues (Fig. 3.4(f)).   

 

On the hotter end of the sample (Fig. 3.4(g)) oxide has been completely 

desorbed, leaving behind small protrusions. The protrusions can also be seen in 

previous cases in Fig. 3.4(b) to 3.4(g). These protrusions have been shown clearly 

in a magnified SEM image of a different sample in Fig. 3.6(b). Two alternating 

explanations for these protrusions are available in the literature. One proposal is 

that they  are the SiC islands that acted as nucleation sites for the OFRs [1, 29], 

while the second is that they are remaining oxide islands that developed as 

neighbouring voids connected. The latter explanation follows on from the 

observation that the OFRs become deeper as well as wider as they expand [1, 40, 

41]. When voids merge, the oxide trapped on top of a Si pillar, as shown in Fig 

3.2(c), the increased separation between the oxide and silicon monomers creates  

for a barrier to silicon monomers from the base of the void to react with the oxide 

and and form SiO. In order to determine the nature of these protrusions, and to 

study their origin, a detailed chemical, mechanical and electron LDOS analysis was 

carried out with XPS, AFM and STS characterization. Results of these 

0characterizations are discussed in a following section. 

Fig. 3.5: SEM images of a 50 nm SOI sample after ten anneal cycles at 750 oC, each lasting 

30 s. (a) A region near the centre of the sample, and (b) a region near the end of the 

sample that reached the highest temperature[9].  
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In order to investigate the relationship between anneal duration and anneal 

temperature, samples were annealed at different temperatures for varying lengths 

of time. Fig. 3.5 shows SEM images recorded from a sample that was subjected to 

ten anneal cycles at 750 ºC, each lasting for 30 s. Fig. 3.5(a) shows an area near 

the centre of the sample, while Fig. 3.5(b) shows an area from the end of the 

sample which reached the highest temperature during the anneal. The effect of 

temperature gradient across the sample can be observed. Barely any oxide has 

desorbed at the low temperature side while desorption is at an early stage in the 

centre shown in Fig. 3.5(a). Even at the hottest end of this sample (Fig. 3.5(b)), 

desorption is at a comparatively early stage, with a high density of OFRs and some 

examples of OFRs coalescence with their neighbours. Nowhere on the sample is 

the oxide completely desorbed, as is seen in Fig. 3.4(g). Hence, the anneal duration 

is a significant factor, as ten 30 s anneal cycles at 750 ºC are not sufficient to fully 

desorb the oxide anywhere Fig. 3.6 shows SEM images recorded from a sample 

after ten cycles of annealing at 750 ºC for 90 s. Fig. 3.6(a) and 3.6(b) show regions 

close to the centre of the sample, but are representative of the entire surface. The 

thermal gradient effect is no longer significant at this anneal condition as oxide has 

been desorbed at every point of the sample. Fig. 3.6(b) was recorded at higher 

magnification which clearly shows the irregular and approximately linear shaped 

protrusions. It is clear that ten 90 s anneal cycles at 750 ºC are sufficient for the 

oxide desorption to progress to completion.  

 

Fig. 3.6: SEM images of a 50 nm SOI after ten cycles of annealing at 750 oC, each for a 

duration of 90 s. (a) and (b) regions near the centre of the sample. (b) also shows the 

protrusions on the SOI surface following annealing.  
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In order to study the effects of longer duration anneals at lower temperature 

on desorption of the oxide layer, a sample was annealed at 690 ºC continuously 

for 1 hour (Fig. 3.7). The temperature gradient still plays a significant role, 

especially for this longer anneal. At the lower temperature side of the sample, no 

oxide is desorbed. At the centre, shown in Fig. 3.7(a), OFRs have nucleated and 

started to grow, but are still at a very early stage in the desorption process. The 

oxide desorption has progressed further along at the end of the sample exposed to 

higher temperature, shown in Fig. 3.7(b), but are still at quite an early stage. 

Hence, the anneal temperature is very important. If the temperature is not 

sufficiently high, desorption is not effective even after annealing for long durations.  

3.6 Surface compositional analysis after annealing 

3.6.1 X-ray photoelectron spectroscopy 

Angle-dependent X-ray photoelectron spectroscopy was employed to study 

the SOI surface composition before and after flash annealing. Si 2p core level 

spectra were recorded at multiple angles to study the various oxidation states of 

silicon. Fig. 3.8 shows the Si 2p XPS data for pristine (Fig. 3.8(a)) and a sample 

flashed twice at 900 ºC for 10 s (Fig. 3.8(b)). The spectra are recorded at 10º (near-

normal incidence), 40º (intermediate incidence) and 70º (grazing incidence) with 

respect to the analyser to obtain surface sensitive measurements. The main feature 

in the spectrum recorded at 10º for the pristine sample (Fig. 3.8(a)) is fitted with 

a Voigt doublet at a 2p3/2 binding energy of 99.7 ± 0.1 eV, with a spin-orbit splitting 

Fig. 3.7: SEM data for a 50 nm SOI sample annealed at 690 oC for 60 min. (a) A region 

near the centre of the sample, (b) Area at the end of the sample that reached the highest 

temperature [9].  
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of 0.6 eV [49, 50]. Another major component of the spectrum at a binding energy 

of 103.9 ± 0.1 eV is fitted with a Voigt lineshape and is assigned to Si in the +4 

oxidation state, i.e., in the SiO2 chemical environment [49, 51]. Voigt lineshapes 

with binding energies of 100.7 ± 0.1 eV, 101.5 ± 0.1 eV, and 102.9 ± 0.1 eV are 

assigned to Si in the +1, +2, and +3 oxidation states corresponding to the Si2O, 

SiO and Si2O3 suboxides respectively [49, 51, 52]. However, the contributions from 

Si2+ and Si3+ are negligible at near-normal incidence. The contributions from Si in 

the +1, +2 and +3 oxidation states increases comparatively as the angle between 

the surface normal and the analyser increases to 40º (Fig. 3.8(a)). The overall 

signal in the Si 2p region however decreases dramatically as the measurement 

angle moves from near-normal to grazing incidence, i.e., as the surface sensitivity 

increases. The data recorded at higher angles have lower signal-to-noise ratio 

compared to the data measured at 10º and therefore the 40º and 70º data have 

been multiplied by a factor of 10 to display all the spectra on one scale as noted in 

Fig. 3.8(a). This indicates the presence of a thick layer of oxide on the surface of 

the pristine sample, which has the effect of attenuating the Si 2p signal as the 

measurement becomes increasingly surface sensitive. In addition, contribution 

from +1, +2, +3 and +4 oxidation states account for over half (62%) of the total 

intensity of the spectra measured at 40º and 70º, confirming the presence of a thick 

oxide layer.  

In case of the flashed sample (Fig. 3.8(b)), the Si 2p signal is dominated by 

the doublet with 2p3/2 binding energy of 99.8 ± 0.1 eV and a spin-orbit splitting at 

0.6 eV [49-51]. The contribution from Si in oxidation states related to silicon 

suboxides (Si2O, SiO and Si2O3) are negligible at all angles. However, there is a 

significant contribution from the Si in the +4 oxidation state, assigned to the SiO2 

chemical environment [49-51], at higher angles of incidence. In addition, the 

signal measured from the flashed sample at 40º does not show the marked 

attenuation of intensity observed for the analogous spectrum recorded from 

pristine sample. However, there is an attenuation of the Si 2p signal for grazing 

incidence, requiring the data to be multiplied by a factor of 7 in order to display 

all three spectra on one scale. This indicates the presence of a very thin oxide layer  
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on the surface. This thin layer of oxide is most likely formed during the process of 

transferring the sample from the preparation chamber to the XPS chamber. The 

growth of a thin oxide layer on the sample surface is likely unavoidable in the case 

of ex situ XPS measurements, even taking into account the short turnaround time 

of 20 min. 

In order to elucidate the character of the structures observed on the SOI 

surface (Figs. 3.4-3.6) following the flash annealing, angle-dependent XPS data 

were also recorded for the C 1s region. A weak C 1s signal is observed for 

measurements recorded from a pristine sample at normal incidence (Fig. 3.9(a)). 

The spectrum is fitted with two Voigt line-shapes at binding energies of 284.2 ± 

0.1 eV and 285.2 ± 0.1 eV, assigned to C-Si and C-C respectively [53-55]. The  

Fig. 3.8: XPS measurements showing the Si 2p core level for (a) pristine and (b) flashed 

(two anneal cycles at 900 oC for 10 s) SOI recorded at different angles of incidence (see 

inset). Components fitted as follows: Si 2p3/2 (blue), Si 2p1/2 (magenta), Si+1 (dark cyan), 

Si+2 (navy), Si+3 (orange), and Si+4 (olive). Inset in (a) shows measurement angle θ with 

respect to analyser and surface normal [9]. 
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overall signal intensity increases as the measurement angle moves from near-

normal to grazing incidence, i.e., as the surface sensitivity increases. Also, a third 

feature with a binding energy of 287.9 ± 0.1 eV, which is assigned to C=O [56], 

is observed. For the spectrum recorded at 40º, the main contribution comes from 

C-Si, which accounts for 62% of the overall C 1s signal, compared to 27% for C-C. 

However, the inverse relationship is observed in the spectrum measured at 70º, 

with C-C contribution accounting for 65% of the total signal compared to 26% for 

C-Si (Fig. 3.9(a)). This indicates that for the pristine sample, while a proportion of 

carbon is interacting with silicon, carbon bonding exclusively with other carbon 

atoms is the dominant species.  

XPS data for the C 1s region recorded after flash annealing the sample (Fig. 

3.9(b)) is significantly different to the data obtained from the pristine sample. The 

Fig. 3.9: XPS measurements showing the C 1s core level for (a) pristine and (b) flashed 

(two anneal cycles at 900 oC for 10 s) recorded at different angles of incidence. 

Components fitted as follows: C-Si (blue), C-C (olive), and C=O (magenta) [9]. The angle 

of incidence follow the inset shown in Fig. 7 (a). 
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corresponding peaks in the Si2p is shown in Fig. 3.8(b). The total C 1s signal 

intensity recorded from the flashed sample is comparable to that measured for the 

pristine sample (Fig. 3.9(a)), indicating that sample processing has not resulted in 

significant carbon contamination. Also, for the flashed sample the contribution 

form C-Si is the main component at each measurement angle (Fig. 3.9(b)), which 

is in contrast to the spectra measured from the pristine sample (Fig. 3.9(a)). At 

measurement angles of 40º and 70º for the flashed sample, the C-Si contribution 

accounts for 79% and 61% respectively of the total signal. Hence, even at 

maximum surface sensitivity the majority of the carbon present is interacting with 

silicon. This indicates that the total amount of carbon present is not significantly 

altered by the annealing process; however, thermal treatment does alter the 

chemical interaction of carbon with silicon. While this XPS data does not preclude 

the protrusions observed at the centre of OFRs from being oxide islands, it is 

evident that SiC is present on the surface following flash annealing. This also 

supports the conjecture that the protrusions are SiC islands [29]. 

3.6.2 AFM phase analysis 

Atomic force microscopy in tapping mode was adopted to investigate the 

nature of the surface features observed on the SOI device layer following the flash 

annealing process. AFM allows the qualitative study of inhomogeneity on the 

sample surface with high spatial resolution. Tapping mode AFM can measure ultra-

low forces with high spatial resolution without significant influence on the tip-

sample interaction from tip-sample contact adhesion and possible capillary effects 

by the adsorbed water layers. Tip-surface adhesion can be further reduced by the 

use of a stiff AFM cantilever tip, and resulting phase contrast images are highly 

sensitive to the relative variation in local stiffness of the sample. In addition, a stiff 

cantilever tip is minimally influenced by the tip-sample adhesion and therefore the 

phase shift observed is predominantly influenced by the elastic modulus of the 

inhomogeneity in the sample surface [57]. The nature of the inhomogeneity, such 

as chemical composition, can be explained quantitatively with the help of 

additional information supplied by other analysis [57]. AFM phase contrast 

imaging is used in this work to probe and identify the relative variation in the 
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stiffness of the protrusions and other features on the SOI surface with respect to 

the silicon device layer, following the flash annealing.  

Fig. 3.10: Topography and phase contrast AFM images measured across a 50 nm SOI 

sample after 10 anneal cycles at 750 oC, each lasting 60 s. Oxide desorption process is 

captured at different stages (a)–(d) due to a thermal gradient across the sample as 

indicated by (l). (e) Phase histogram for a surface completely covered with oxide and (f)–

(h) phase histogram for (a), (b), and (d), respectively. (i) and (j) Height and phase line 

profile across the line indicated in (c). (k) The zoom in of the phase profile indicated by 

the red box [9].  
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Fig. 3.10(a) – 3.10(d) shows topography and phase contrast images 

measured across the sample (as depicted in Fig. 3.10(l)) of a 50 nm SOI following 

annealing at 750 ºC for 10 anneal cycles, each lasting 60 s. Similar to the SEM data 

presented in the section above, various stages of oxide desorption and the 

distribution of protrusion have been recorded by taking advantage of the thermal 

gradient across the sample during anneal cycles. A stiff cantilever tip with 

resonance frequency of ~300 kHz was used for all AFM measurements presented 

in this section.  

An early stage of oxide desorption is shown in Fig. 3.10(a), where a small 

number of OFRs are present on the surface, while Fig. 3.10(d) shows complete 

desorption of oxide with high density of protrusions. The protrusions are visible in 

Fig. 3.10(a)-(d), on both height and phase images, at the centre of each OFR. The 

line profile of the height and phase data obtained across the line shown in Fig. 

3.10(c), presented in Fig. 3.10(i) and 3.10(j), clearly shows the a difference in the 

phase angle between the protrusions and the silicon device layer, while a much 

smaller phase contrast is observed between the oxide and the silicon itself. The 

phase histograms presented in Fig. 3.10(e)-(h) show the distribution of phase angle 

for the phase contrast images. Fig. 3.10(e) is the phase histogram of a sample 

before annealing, which is completely covered with native oxide and Fig. 3.10(f) - 

(h) are the histogram data for the phase images in Fig. 3.10(a), 3.10(b) and 

3.10(d), respectively. The intensity of the peak on the right, shown in blue, is 

multiplied 30 times in order to plot it on the same scale as the peak on the left, 

shown in black. The position of the peak on the left changes as the area of oxide 

and silicon coverage varies in the images. A phase difference of around 4.6º is 

observed between Fig. 3.10(e) which corresponds to a sample completely covered 

with oxide, and Fig. 3.10(h), recorded on the sample with all oxide desorbed, 

leaving the silicon device layer and a high density of protrusions, as seen in Fig. 

3.10 (d). In addition, the intensity of the peaks on the right gradually increases 

from Fig. 3.10(e) - (h). These observations indicate that the two peaks on the left 

are the contributions of oxide and silicon while the peak on the right is the 

contribution from the protrusions. The peak on the right is shifted from the peaks 
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relating to the oxide and silicon by about 54º - 59º which indicates that the 

protrusions are comparatively stiffer than the silicon and the oxide islands [57, 

58]. These relative stiffness data agree well with the data found in the literature 

for Si, SiO2 and SiC [59, 60]. The AFM data, together with the XPS data showing 

the presence of carbon bonded to Si on the surface of the SOI (Fig. 3.9(b)), 

supports the hypothesis that these protrusions are SiC.  

The location of the SiC protrusions at the centre of each OFR suggests that 

they may be the nucleation sites for the void formation and decomposition of native 

oxide [29]. One possible nucleation mechanism is a reaction between carbon 

impurities on the surface and SiO2 to form SiC, which can then react with SiO2 to 

form volatile SiO, according to the following equations [61-63]:  

SiO2 + 3C = SiC + 2 CO 

2SiO2 + SiC = 3SiO + CO 

(3.2) 

The volatile SiO desorbs and voids begin to open in the oxide around the SiC 

protrusion. The voids grow via the process described in sections 3.5 above. It is 

known from the literature that carbon reacts with silica to form a thin layer of SiC 

on silicon at temperatures above 650 ºC [64-67]. Since the thermal treatment used 

in this experiment is over 650 ºC, carbon contaminants on SOI could result in SiC 

islands. 

3.7 Elimination of surface carbide and STM analysis 

 The thermal process presented in the section 3.5 desorbs the oxide layer on 

SOI without the loss of integrity of the device layer. However, the post-processed 

SOI surface showed numerous SiC protrusions. It is essential to reduce the SiC 

protrusions before the surface characterization. A high density of SiC protrusions 

severely hinders STM experiments as the tip can crash into the protrusions at low 

biases. Therefore, SOI samples were treated ex situ with so-called “Piranha” 

solution, which is a 4:1 concentrated solution of sulfuric acid and hydrogen 

peroxide  [68]. Following Piranha treatment, samples were treated with RCA1 and 

RCA2 solutions. RCA solutions are 1:1:5 concentration solutions of ammonium 

hydroxide, hydrogen peroxide, and water (RCA1) and hydrochloric acid, hydrogen 

peroxide, and water (RCA2) [68]. While these chemical treatments can result in a 
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clean surface for UHV surface measurements [24], it is essential to maintain high 

clean-room standards and use ultra-pure electronic grade chemicals during the 

process. Failing to maintain the highest standards during the cleaning process 

results in a contaminated [68] and rough Si surface. These restrictions make the 

cleaning process time-consuming and expensive. A simple yet effective oxygen 

plasma-based cleaning process was developed during the course of this work to 

obtain atomically clean and smooth silicon surface. Additionally, the same process 

was optimised to reliably thin SOI with good precision. Pristine 50 nm SOI samples 

were exposed to an oxygen plasma in an ICP system for 30 s, followed by a 60 s 

dip in dilute hydrofluoric acid (HF) and were finally rinsed in water for 30 s. The 

oxygen plasma oxidizes carbon contaminants and leaves a layer of oxide on the 

Fig. 3.11: Topography (a) and current error (b) STM images of a pristine 50 nm SOI sample 

after 10 anneal cycles at 750 oC, each lasting 90 s. Topography (c) and current error (d) 

STM images of 30s oxygen plasma cleaned 43 nm SOI sample annealed with the same 

parameters as above. All STM image dimensions are 150 × 54nm and imaging set points 

(a) and (b): 3 V, 5 pA; (c) and (d): 2 V, 20 pA; (e) and (f) STS recorded on a SiC protrusion 

and on Si device layer of SOI following the 30 s oxygen plasma cleaning, respectively [9]. 
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 silicon surface, while the HF treatment etches off the oxide grown in the plasma 

chamber. Approximately 1 nm thick oxide layer was chemically grown on the SOI 

surface by rinsing it briefly in H2O2 solution before loading into the UHV chamber. 

Fig. 3.11 shows STM topography and current error images of a pristine 50 nm SOI 

and a plasma-cleaned 43 nm SOI. The bright regions seen in the topographic data 

for the pristine sample in Fig. 3.11(a) are the SiC protrusions. These protrusions 

can clearly be seen on the current error image shown in Fig. 3.11(b). There is a 

marked difference in the number of protrusions on the plasma-cleaned samples 

compared to the pristine samples. Fig. 3.10(e) shows the scanning tunneling 

spectra (STS) recorded on a SiC protrusion. The band gap of the SiC structure was 

observed to be around 2 eV,similar to the value reported in the literature [29-32]. 

The STS spectrum recorded on the clean Si surface is shown Fig. 3.11(f) for 

comparison. STM height and current error images for a cleaned 43 nm SOI are 

shown in Fig. 3.11(c) and 3.11(d) respectively, which clearly shows the reduction 

in the SiC protrusions on the silicon surface following the ex situ cleaning 

procedure.  

The plasma power was varied so as to achieve a sputtering action in the ICP 

system. Exposure to a low energy oxygen plasma results in the growth of 4 – 5 nm 

of oxide on the Si surface, before saturation. However, with increased plasma 

power and forward voltage, the top layer of oxide is continuously sputtered, hence 

a greater thickness of oxide is grown, thinning the device layer. This plasma 

Fig. 3.12: Si thinning rate and oxide growth rate plotted against the ICP time. 
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thinning process was observed to result in an atomically smooth SOI surface 

(height and current error STM image shown in Fig. 3.11 (c) and 3.11(d)). Fig. 3.12 

presents the Si thinning rate for a 2000 W oxygen plasma recipe. The SOI and the 

oxide thicknesses were measured using ellipsometry. It can be seen that while the 

oxide thickness (red dots) saturates at around 7 nm, the SOI thinning rate (black 

square) is linear with a slope of 5 nm/min. The plasma thinning process results in 

an atomically smooth SOI surface.  

3.8 Conclusion 

 Oxide desorption from SOI in UHV conditions without dewetting of the 

device layer is a challenge due to its dependency on both anneal temperature and 

duration. Different anneal procedures were investigated in order to find an 

effective low thermal budget process. The mechanism of desorption at different 

stages of oxide removal was studied on individual sample by taking advantage of 

a thermal gradient of ~50 ºC across the sample during annealing. Ten 90 s anneal 

cycles at 750 ºC were found to remove oxide from the entire sample; however, 

surface protrusions were found on the thermally processed samples. XPS and AFM 

measurements performed on pristine and flashed samples confirmed the removal 

of the oxide layer during thermal treatment. Also, the measurements indicated that 

carbon present on the sample remains on the surface during annealing and reacts 

with silicon to form silicon carbide. A simple oxygen plasma cleaning followed by 

HF and H2O2 treatment carried out before in situ annealing was found to reduce 

the SiC protrusions substantially, resulting in an atomically smooth SOI surface. 

The oxygen plasma process was also utilised to thin the device layer. A simple low 

thermal budget annealing process has been developed to produce an atomically 

clean and oxide free SOI surface without dewetting.  
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4  

S P R E A D I N G  R E S I S T A N C E  A T  T H E  N A N O –  

S C A L E  S T U D I E D   B Y   S C A N N I N G T U N N E L I N G   

A N D  F I E L D  E M I S S I O N  S P E C T R O S C O P Y 

 In this chapter, the capability of scanning tunneling microscopy (STM) and 

scanning tunneling spectroscopy (STS) to study nanoscale Si(100) device layers in 

silicon-on-insulator (SOI) is explored. The device layer is a macroscopic 2D silicon sheet 

and understanding the effective coupling of charge in and out of this sheet determines 

whether it is possible to accurately measure the electronic properties of the sheet by 

STM techniques. Specifically, how spreading resistance manifests in STM following the 

processing of SOI device layers with various doping levels, is discussed in this chapter. 

Depending on the doping level, ultra-thin SOI can exhibit significant blue shifts of the 

peaks in the tunneling and field emission spectra. By comparing these peak shifts with 

the film resistivity it is possible to estimate the contribution of spreading resistance in 

STM and STS. It is also shown that STM can be used to study the effective n-type dopant 

concentrations in the 1013-1016 cm-3 range. Finally, it’s shown that ultra-thin SOI with 

sufficiently high doping levels (~1020    cm-3) and device layer thicknesses down to 5 

nm can be studied with STM and that these materials exhibit bulk like electronic 

characteristics. 
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4.1 Introduction  

Silicon-on-Insulator (SOI) has attracted a great deal of scientific interest as it 

offers the opportunity to study nanoscale devices and electron confinement effects [4]. 

The device layer in SOI is essentially a macroscopic near-perfect 2D silicon sheet. The 

use of SOI in microelectronics is becoming prevalent and many of the expected 

advances in device technology depends essentially on attaining increasingly thinner 

device layers [4]. Due to charge traps at the device layer and buried oxide interface, 

thinner SOIs tend to be depleted of charge carriers, thus affecting their transport 

properties [4-6]. Depleted and heavily thinned SOI is difficult to characterize by STM 

due to charging effects [5, 6]. By heavily doping (~1019 cm-3) the device layer, the 

carrier depletion in the layer can be reduced and STM measurements can be conducted 

out even at liquid nitrogen temperature, but these high doping levels are not of interest 

for device applications.  

 Before STM and STS can be used to characterize nanoscale devices, it is 

critical to be able to understand the influence of doping on the fundamental operation 

of STM. In standard STM operation, the tunnel gap resistance dominates and the 

sample resistance and spreading resistance play a negligible role [7]. Consequently 

the applied bias allows the determination of energy states around the Fermi energy 

(EF), which is the basis of STS. Spreading resistance arises due to the small area of the 

tunneling contact but also depends on the sample resistivity [8]. When the resistivity 

of the sample is high, the spreading resistance can become comparable with the 

tunneling resistance [7] leading to a voltage drop within the sample that can be 

observed in both STM and STS [9]. Also, in the case of semiconductors, especially at 

low doping levels, the high field from the STM tip can penetrate into the sample and 

lead to a tip-field induced band bending in the semiconductor. Consequently, it is 

expected that an interplay between spreading resistance and band bending has the 

potential to affect the measured properties of SOI device layers [7, 10-12]. Tip-field 

induced band bending in a Si(100) device layer is limited to a maximum of 0.8 eV due 

to Fermi level pinning of the surface state [13]. However, contribution from the 

spreading resistance can in principle give rise to much higher voltage drops [13]. 

Spreading resistance adds in series [7] with the tunneling resistance and leads to a 
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drop in the applied voltage in the sample near the tip location. This local voltage drop 

in the device layer will shift the peaks in the tunneling and field emission spectra.  

This chapter discusses the sensitivity of STM, STS and field emission 

spectroscopy to spreading resistance and tip-induced field effects in SOI device layers 

and thus to the effective resistivity of the subsurface substrate volume. Furthermore, it 

is demonstrated that by highly doping the ultra-thin SOI, the effects of tip-induced band 

bending and spreading resistance can be significantly reduced. Hence, SOI with 

sufficiently high doping level were thinned and studied with STM and STS in an attempt 

to understand size effects in ultra-thin device layers.   

4.2 Experimental details  

All STM measurements were performed in a CreaTec low temperature STM 

(LT-STM) operated at liquid nitrogen temperature in an UHV environment with a base 

pressure lower than 1 x 10-11 mbar. A 45 nm SOI doped with phosphorous to ~1019  

cm-3 was used to study the spreading resistance effects. Further measurements were 

also carried out on SOI samples with thicknesses less than 12 nm and dopant 

concentrations up to ~1020 cm-3. All samples were cut into a standard size of 11 mm x 

4 mm to ensure uniform processing conditions. Before loading into the UHV chamber, 

samples were subjected to an ex-situ cleaning process which involved oxygen plasma 

treatment and a rinse in hydrofluoric acid (HF) [14]. Samples treated with oxygen 

plasma had a 6 – 8 nm thick layer of oxide on the surface. This oxide layer was then 

etched in dilute (~1%) HF, leaving the surface passivated with hydrogen. Finally, 

samples were rinsed in 30% hydrogen peroxide (H2O2) solution to leave the surface 

terminated with a thin layer of oxide. The plasma treatment process was also used to 

thin SOI samples.  SOI thickness was measured with an accuracy of ± 0.5 nm with a 

Woollam Alpha-SE ellipsometer calibrated using a cross sectional TEM analysis. The 

dopant concentration and resistivity profile in the device layer were characterized with 

secondary ion mass spectroscopy (SIMS) and 4-point probe electrical resistivity 

measurements. The contact potential difference (CPD) and work function of H-

passivated SOI were measured with respect to a reference gold layer with a platinum 

coated AFM tip in a Bruker Enviroscope atomic force microscope (AFM) at room 

temperature in Kelvin probe microscopy (KPM) mode. The AFM chamber was pumped  
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down to mid-10-6 mbar pressure and flushed with N2 gas. This process was repeated 

several times to obtain an inert (estimated H2O conc. of around 5-10 ppm) chamber. 

An inert AFM chamber ensured an oxide free H-passivated SOI surface for KPM 

measurements was maintained for several hours. SOI samples with device layer 

thicknesses varying between 45 nm and 4 nm were fabricated for KPM measurements. 

The sample fabrication process is outlined in Fig. 4.1. A portion of SOI was first coated 

with resist (step 1) while the uncoated area was etched using fluorine (SF6 + CHF3) 

plasma to obtain a step and two device layer thicknesses (step 2). The thinning process 

was repeated multiple times such that, continuous steps of various device layer 

thicknesses ranging from 45 nm – 3 nm were obtained (step 3 – step 6). This process 

was followed by oxygen plasma treatment to reduce the surface roughness. Finally, 

with the central region of the sample covered with resist, 30 nm of gold was deposited 

(step 7), with a 5 nm titanium buffer layer to improve Au adhesion on Si. The resist at 

the middle of the sample was later dissolved, in a process known as lift-off, leaving SOI 

with a Ti/Au layer as shown in step 8. The dotted box shown in step 8 of Fig. 4.1 depicts 

a typical KPM scan area covering at least two SOI thicknesses along with the gold 

reference film. The effects of annealing on dopant redistribution were studied in 

comparison to pristine and un-annealed samples with ex situ SIMS and electrical 

resistivity measurements.  

The annealed samples were then investigated using STM. Samples were flash  

Fig. 4.2: Typical 2x1 LEED pattern observed at room temperature, for the Si(100) SOI samples 

of different device layer thickness after flashing. 
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annealed at approximately 750°C to desorb oxide. The cleanliness of the SOI was 

confirmed with low energy electron diffraction (LEED). All samples exhibited a sharp 2 

× 1 LEED pattern (see Fig. 4.2) at room temperature following flash annealing. 

Electrochemically-etched tungsten tips inked with Pt were used for STM and STS 

measurements [15]. The quality of the tips was verified through imaging and 

spectroscopy as described in the section 4.3, before and after characterization of SOI to 

ensure that the probe was not modified. Tunneling and field emission spectra were 

obtained using STS techniques including field emission spectroscopy [16, 17] and 

variable height spectroscopy [15].  

4.3 Tip quality determination 

In STM, tunnelling occurs between a single atom at the apex of the STM probe 

tip and the sample and therefore, STM and STS data depends largely on the shape, size 

and chemical composition of the probe tip, especially the atom at the apex of the tip. 

The small separation and the high electric field of the tip along with the unreliable 

nature of the SOI samples poses a high risk of tip contamination. In this work, the 

quality of the STM tip was verified before and after every experiment, through imaging 

and tunneling spectroscopy on a sputter-cleaned Pt(111) crystal. (The tip etching 

Fig. 4.3: (a) shows a I-V and (b) shows a dI/dV spectra of a metallic (black) and non-metallic 

tip (red). (c) is a STM image of the Pt(111) surface, showing the crater formed due to the tip-

inking process. 
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process is described in Section 2.2.9 in Chapter 2.) The quality of the STM images were 

the primary indication of the sharpness of the tip. Repeating features and abnormal 

structures on the clean Pt(111) surface were common characteristics of a blunt or 

multiple tip. The tunneling spectra obtained using the tip on a clean Pt(111) surface 

was used to identify if the tip was metallic or not. Fig. 4.3(a) and Fig. 4.3(b) shows the 

I-V and dI/dV, respectively, of a metallic (black) and non-metallic (red) tip. The I-V 

spectra of a metallic tip on Pt surface gives a linear current response in the voltage 

range between -1 V and +1 V, hence the dI/dV spectra has no features. In contrary, a 

non-metallic tip shows a non-linear I-V curve on the Pt(111) surface which shows up 

like an energy gap in the dI/dV spectra. In cases where the tip was found to be non-

metallic, it was coated with platinum by dipping the tip into the Pt(111) surface. A 

controlled tip-crash on a Pt surface can reshape the tip-apex and also coat the tip with 

metal [18, 19]. With the right voltage bias conditions during the controlled tip-crash, 

an atomically sharp Pt-coated tips can be obtained. Fig. 4.3(c) shows the crater formed 

on the Pt(111) surface following the tip-inking process. The crater roughly suggests the 

shape of the tip [19].  

4.4 Topographic phase transition in Si (100) (2 × 1) STM 

Fig. 4.4: Typical tunneling spectra for a bulk Si(100) (2x1) surface, indicating the occupied 

(π) and empty state (π* and σ*) spectral features. The shaded region depicts the surface 

states (SS).  
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A typical tunneling spectroscopy measurement on an ordered (2 × 1) region of 

the clean Si(100) surface is shown in Fig. 4.4 where the occupied state peak at 

approximately -0.8 eV below the Fermi level is due to the π-bonding orbital and the 

unoccupied state peak at 0.3 eV above the Fermi level is due to the π*-anti-bonding 

orbital [2]. The sharp unoccupied state peak at +0.8 eV above the Fermi level is the 

contribution of back bond σ* states. Fig. 4.5(a) and 4.5(b) show STM images recorded 

at biases corresponding to the two unoccupied state features of a LDOS spectra 

identified in Fig 4.5(c). Dimer backbond peaks are observed when imaging at a voltage  

Fig. 4.5: (a) and (b) are constant-current filled state topographic images recorded at +1 V and 

+0.5 V, depicting the image contributions due to σ* and π* states, respectively. The σ* and π* 

states are marked in the LDOS spectra shown in (c). (d) Schematic representation of Si(100)-

(2×1)[1] showing the dangling bonds and the back bonds [1, 2].  
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bias corresponding to the σ* state (+1 V) (Fig. 4.5(a)), while the π* dangling bond 

states (+0.5 V) exhibits a zig-zag pattern (Fig. 4.5(b)). Fig. 4.5(d) shows a schematic 

representation of dangling bonds and back bonds on Si(100) surface [2]. 

In the case of the bulk Si(100) sample the phase-transition (PT) in the 

topography occurs at an applied voltage of around 0.5 V. At voltages above 0.5 V, the 

Si dimer backbonds are imaged, while below 0.5 V, the empty π*-bonds are imaged. 

The zig-zag pattern at <0.5 V is due to the Jahn-Teller distortion that form asymmetric 

dimers [2, 20]. It is possible to exploit the PT in the STM topography data to track 

apparent energy shifts observed in samples either due to varying material properties or 

as a result of an STM artefact. A particular advantage of this strategy is that the phase-

transition can easily be observed in STM and does not require an exceptionally high 

resolution instrument. It also provides a means to track energy levels below the vacuum, 

in addition to the emission peaks that occur above the vacuum energy. 

4.5 Voltage shift in STM and STS  

With an aim to study the changing electronic structure of SOI as a function of 

its thickness, a 45 nm SOI was thinned (see Fig. 4.6(a)) and studied with STM and STS. 

The STS spectra for a 45 nm SOI was identical to that of the bulk Si (100). Even for the  

thinned SOI with thicknesses up to 16 nm, the STS spectra recorded was identical to 

bulk Si. However, SOI with thicknesses between 16 nm and 12 nm showed an unusual 

shift in the spectral features. Fig. 4.6(b) shows both the tunneling and field emission 

spectra obtained from the 45 nm device layer, along with samples made from the same 

SOI sample but thinned down to 16 nm, 14 nm, and 12 nm. For the 12 nm sample, the 

tunneling spectra were impossible to record due to the instability of the current at low 

biases. In all cases, emission spectra recorded at biases above 4 V reveal a systematic 

shift in the peak positions (indicated with lines marked as P1, P2 and P3) as the device 

layer thickness is decreased. The PT image for the 12 nm SOI is shown in Fig. 4.6(c); 

the transition occurs at an applied bias voltage between 2 V and 3 V, consistent with 

the blue shift of the emission peaks for thinner samples. This shift in the phase-

transition voltage clearly identifies the peak marked (*) for the 12 nm SOI as originating 

from the σ* state peak in the spectrum of the original 45nm sample. The shift in the 
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image phase-transition voltage is indicated by the red line in Fig. 4.4(a) and marked as 

PT.    

 

Fig. 4.7 shows the measured voltage shifts observed in STM-PT and STS 

measurements in Fig 4.6(b) for different device layer thicknesses. The shifts observed 

Fig. 4.6: (a) Schematic of SOI thinning. (b) Tunneling spectroscopy (IV) and field emission 

(z(V)) spectra of thinned SOI showing peak shifts. The blue line indicates the σ* peak and the 

(*) symbol indicates the shifted σ* peak for the 12 nm SOI. (b) Shows the ‘topographic phase 

transition’ (PT) between 3 V and 2 V for the 12 nm SOI.  
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for the peaks in field emission spectra (Peaks 1, 2, and 3), the σ* peak and the phase 

transition voltage, all show a gradual increase down to 14 nm, following which there is  

 

a sharp increase at 12 nm film thickness. A maximum voltage shift of approximately 

1.5 – 2 V was observed for the 12 nm SOI. All tunneling and emission peaks in Fig. 4.7 

experience similar blue shifts consistent with a translation of the entire spectrum, as 

shown by the shifting vertical lines in Fig. 4.6(b). The first peak (P1) in the field 

emission spectra gives the approximate position of the work function of the surface [16, 

17, 21-24] and the position of P1 shifts sharply below 16 nm. If true, these 

measurements indicate a sharp rise in the SOI work function below 16 nm. In the 

following sections, different factors that can influence the STS and field emission 

spectra have been analysed.  

4.6 STS blue shift vs band gap widening in Si thin film 

As the size of nano structures decreases, the band gap of the material is known 

to increase due to the quantum confinement effect [25]. The band gap of ultra-thin 

silicon films have been reported to increase over 2 eV [25]. In order to understand the 

origin of the blue shift observed in the STS and field emission spectra, these data were 

compared with the electronic band gap widening data available in the literature. Fig.  

12 14 16 18

0

1

2

Fig. 4.7: Voltage shift observed in STM and STS measurements as a function of SOI film 

thickness. Peak 1, 2 and 3 are shown in Fig. 6(b) as P1, P2 and P3. 
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4.8 shows a comparison of the STS data and the bandgap of silicon thin films as a 

function of layer thickness, obtained from the literature. The energy gap of silicon thin 

films increases with decreasing film thickness. The energy gap thin films measured by 

the optical absorption spectroscopy [3] (shown by the black dotted line in Fig. 4.8), 

shows a systematic shift from the bulk band gap to higher values for film thickness 

below 10 nm [3, 25]. The theoretical values of the bandgap [3] as a function of 

thickness are also shown in Fig. 4.8 (red dotted line) for reference. The shift in the 

bandgap for thinner samples is due to the one dimensional confinement effect in ultra-

thin silicon film. Both theoretical and the experimental band gap data are in close 

agreement. However, the shift in the STS and the field emission spectra, even though 

resembling the bandgap widening data reported for the silicon thin films, the onset of 

the band widening and the spectral blue shifts are separated by over 6 – 8 nm. This 

suggests that the blue shift in the STS and the field emission spectra are not a result of 

quantum size effects in the SOI thin film. 

 

 

Fig. 4.8: Peak shift (black solid) observed in STM, STS and field emission spectroscopy plotted 

as a function of SOI thickness, showing a sharp increase in the shifted value below 16 nm. The 

peak shift data is compared with the theoretical (red dash) and experimental (black dash) 

bandgap of silicon as a function of thickness [3].  
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4.7 Sample resistance in STM 

STM is an electron transport based technique, i.e., with the tip being grounded 

and a positive voltage applied to the sample, electrons that tunnel from the tip, flow 

through the sample. Hence, the sample is essentially a part of the STM circuit and the 

sample resistance adds in series to the tunneling resistance. In most cases, since the 

tunneling resistance is orders of magnitude higher than sample resistance, the 

contribution of sample resistance in the STM circuit is negligible. However, the 

resistance of thin film samples can be very high and this may contribute a significant 

Fig. 4.9: (a) Four point resistivity of SOI as a function of device layer thickness. The grey dotted 

lines indicates the interfaces of the SOI films. The inset in (a) shows the typical UV lithography  

pattern used for electrical resistivity measurements. (b) Phosphorus concentration (black curve) 

of 45 nm SOI film recorded with SIMS depth analysis. Oxygen (blue) and silicon (grey) profile 

is also shown for reference. 
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series resistance in the STM circuit. To calculate the series resistance contribution of 

SOI in STM, the resistivity and dopant concentration in the device layer were studied 

through 4 probe electrical resistivity measurements and SIMS. 

SOI samples were thinned and patterned into wires with a dimensions of 5 x 

50 μm through UV lithography with Ti/Au electrodes deposited for electrical contacts. 

The inset in Fig. 4.9(a) shows the UV lithography pattern design used for the resistivity 

measurements. Fig. 4.9(a) shows the semi-log scale resistivity plot as a function of SOI 

thickness and Fig. 4.9(b) shows the SIMS depth profile (DP) analysis for Si (grey), P 

(black) and O (blue) in the device layer. The grey dotted lines in the graph indicate the 

physical boundaries of the device layer. The dotted line on the left indicates the 

SOI/BOX interface, the line on the right indicates the surface with native oxide. The 

resistivity of the device layer increased gradually as the device layer was progressively 

thinned from 45 nm to 16 nm but below 16 nm, it increased drastically. This is 

consistent with SIMS DP analysis for Si, P and O for the original 45 nm thick device 

layer (Fig. 4.9(b)). The phosphorous (n-type dopant) concentration in the device layer 

of the SOI decreases significantly towards the Si/BOX interface.  

Fig. 4.10(a) shows a comparison between the phosphorus dopant 

concentration profile in the 45 nm device layer measured by SIMS and that estimated 

from electrical resistivity measurements at 300 K and 77 K. To calculate the dopant 

concentration from the resistivity data, the following formula was used, 

where q is the elementary charge, n is the carrier concentration and 𝜇𝑛 the electron 

mobility [26]. The values for electron mobility in silicon at different temperatures and 

doping concentrations were taken from Semiconductor devices., by S. M. Sze [26]. 

While SIMS shows the chemical concentration of phosphorus in the device layer, 

resistivity reflects the active dopant concentration in the film [27]. Resistivity 

measurements were also influenced by the depletion caused by the buried oxide 

interface traps. The concentration of interface traps mainly depends on the chemical 

composition of the Si-SiO2 interface [26]. Even for a high quality Si(100)-BOX interface, 

the interface trap density is typically on the order of 1010 - 1011 cm-2  [6, 26, 28]. The 

𝜌 =  
1

𝑞𝑛𝜇𝑛
 

(4.1) 



CHAPTER 4: SPREADING RESISTANCE AT THE NANO-SCALE 

 

100 
 

influence of interface traps increases with reduced device layer thickness since a thinner 

device layer will have lower carrier concentration.    

  

 The concentration gradient measured by both techniques showed a similar 

trend with lower values at the SOI/BOX interface, but the drop in doping concentration 

predicted by resistivity measurement was many orders of magnitude greater than that 

measured by SIMS. For device layer thicknesses lower than 20 nm, the resistivity 

increased sharply. The grey region marked in the graph (see Fig. 4.10(a)), indicates the 

range of device layer thicknesses for which a voltage shift was observed in STM and 

STS. A sharply increasing device layer resistivity for these thicknesses suggests a 

possible connection between the device layer resistivity and the STM/STS voltage shift.  

 Fig. 4.10(b) compares the tunneling resistance RT with the sample resistance 

RS. The tunneling resistance, shown as a blue line in Fig 4.10(b), is calculated for a set 

point of 2 V and 20 pA. The sample resistance is calculated using the resistivity data 

obtained at 77 K and with a typical distances of 2 mm between the STM tip position 

over the sample and the sample electrode. In Fig. 4.10(b), even though a sharp increase 

in RS is observed below 14 nm, RS is still many orders of magnitude lower than RT and 

therefore, RS alone cannot be responsible for peak shifts in STM and STS.  

Fig. 4.10: (a) Doping concentration for SOI of varying thickness calculated from the resistivity 

data measured at 300 K (red) and 77 K (blue) plotted along with the SIMS data (black). The 

resistivity data indicates the electrically active dopant concentration which reduces towards 

the SOI/BOX interface due to the interface trap states. The resistivity data therefore deviats 

from the SIMS profile which shows the atomic concentration of phosphorous in the device 

layer. (b) Tunneling resistance RT (blue) calculated at set point of 2V and 20 pA compared 

with sample resistance Rs (black) as a function of SOI thickness. 
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4.8 Work function determination through KPM   

The dopant concentration determines the position of the Fermi level in a 

semiconductor. For intrinsic silicon the Fermi level is at the centre of the energy gap 

which is midway between the valance band maxima (VBM) and conduction band 

minima (CBM). The Fermi level is above the intrinsic level for n-type silicon, moving 

towards the CBM for higher doping levels. Hence, the work function, which is the 

energy difference between the Fermi level and the vacuum level, decreases as the n-

type doping concentration in the silicon increases and vise versa. The two observations, 

1) blue shift in the field emission spectra, 2) the SIMS data revealing a decreasing 

dopant concentration in the SOI towards the BOX interface, both hint at an increase in 

the work function for thinned SOI. To quantitatively relate the two observations, a work 

function measurement was carried out on thinned SOI.  

The work function of the film was measured independently via Kelvin probe 

microscopy (KPM) of the hydrogen passivated device layer. An elaborate sample 

preparation process, as discussed in the experimental section (Fig. 4.1), was used to 

obtain a stepped SOI sample. Since KPM data depends largely on the properties of the 

tip, it’s very important to monitor and preserve the quality of the tip through-out the 

measurement. Fabrication of multiple steps with varying thicknesses on a single sample 

ensured an easy access to SOI of different thicknesses with the same tip and 

measurement conditions. Further, a gold reference layer on the film was used for 

calibration of the tip. KPM measures a contact potential difference (CPD) between the 

tip and the surface. A detailed description of KPM and CPD are given in section 2.5.2 

and 2.5.3 of chapter 2. CPD is the work function difference between the tip and the 

sample surface i.e.,  

𝑉𝐶𝑃𝐷 =  
𝜑𝑡𝑖𝑝  −  𝜑𝑠𝑎𝑚𝑝𝑙𝑒 

𝑒
 𝑜𝑟 𝜑𝑠𝑎𝑚𝑝𝑙𝑒 =  𝜑𝑡𝑖𝑝 − 𝑒𝑉𝐶𝑃𝐷  

Where the φtip is extracted using the reference gold film.   

 Fig. 4.11(a) shows an illustrative KPM CPD image of a 9 nm and 3 nm 

stepped SOI surface along with a gold reference layer. A clear distinction in the CPD 

was observed for various SOI thickness, which was normalized with respect to the CPD 

of the reference gold sample. Fig. 4.11(b) shows the variation in the CPD and work 

function of the film as a function of thickness. There is a clear increase in the work  
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function of the thinned SOI indicating a lower n-type phosphorus dopant concentration, 

consistent with the phosphorous SIMS profile measured in Fig. 4.9(b). However, the 

variation in work function observed over the entire range of device-layer thicknesses 

was less than 0.15 eV, in contrast to the 1.5 – 2 V shift observed in the case of STS and 

field emission measurements (Fig. 4.6(b) and Fig. 4.7). This indicates that the field 

emission peak shift observed in STM measurements, shown in Fig. 4.6(b), cannot be 

solely explained by the work function changes caused by the dopant profile in the film. 

Therefore, other factors that could cause these STS and field emission spectral shifts 

were explored. 

4.9 Tip induced band bending in Si(100) 

STM can be significantly affected by the high electric field of the STM tip which 

can penetrate into a semiconductor sample [11-13, 29, 30]. The penetrating field can 

lead to three dimensional tip-induced band bending extending not only in depth but 

also radially from the tip location [7]. The extent of bending is however determined by 

the carrier concentration in the semiconductor [7] and can lead to significant shifts in 

the peaks observed in the STS spectra [13], especially in high resistivity samples [7, 10, 

12, 31]. For a 0.1 Ω cm n-type Si(100) the presence of a tip with a radius of 10 Å at an 

applied bias of 1.5 V can induce band bending of 0.4 V [13]. However, the maximum 

band bending for a n-type Si(100)-(2 × 1) surface is restricted to 0.8 V [13]. This is a  

Fig. 4.11: (a) KPM image showing the contact potential difference (CPD) for two regions of 

SOI with respective thickness of 9 nm and 3 nm and a Au reference film. The scale bar in 

the image is 5 μm. (b) CPD (black) and work function (red) measured with ex-situ KPM on 

hydrogen-passivated thinned SOI plotted with respect to the thickness of the device layer. 
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consequence of the filled state π and the empty state π* bands on the (2 × 1) surface 

being located at 0.2 eV below the valence band maximum (VBM) and 0.4 eV below the 

conduction band minima (CBM), respectively [32] (see Fig. 4.8), which constrains the 

EF at the surface between the VBM and the empty π* state. When scanning the surface 

with a positive sample bias, the electric field from the tip can locally unpin the surface 

and induce band bending until the Fermi level meets the VBM, resulting in a maximum 

bending of +0.8 V [13]. In contrast, a negative bias on the sample results in  a small 

shift of +0.09 V as the EF is pinned at the bottom of the π* state [13]. However, the 

Fig. 4.12: Schematic illustration of tip-induced band bending for n-type Si(100)-(2×1) for 

(a) Vsample << 0 and (b) Vsample >> 0. 

Fig. 4.13: (a) z(V) spectra for 12 nm SOI showing the tip sample separation with the tip-

sample separation off-set values between 1 – 4 Å. The tip-sample separation off-set depends 

on the set-point parameters, however, values between 1 and 4 Å have been used for 

demonstration propose. (b) Normalized electric field between the tip and the sample surface 

calculated using the z(V) spectra in (a). For each spectra, the electric field at 6 V is almost 

twice the field at 2 V. 
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shifts observed in the STS spectra in Fig. 4.4(a) for different sample thicknesses are 

much larger than the contribution due to tip induced band bending.  

Additionally, a tip-induced electric field effect would also show a voltage 

dependence in the peak shift observed in the field emission spectra, i.e., for a fixed set-

point, a larger peak shift is expected at higher biases due to the larger field. Fig. 4.13(a) 

shows a z(V) spectra obtained for a 12 nm SOI. Since, calculating the absolute 

separation between the tip and the surface is an arduous task, different off-set values 

between 1 – 4 Å have been chosen for demonstration purposes. Fig. 4.13(b) shows the 

normalized electric field calculated using the z(V) spectra shown in Fig. 4.13(a). For 

each curve, the electric field at 6V is almost twice that at 2V. This suggests that if the 

blue shift observed in the STS and field emission spectra of thin SOI were due to the tip 

induced field, then the shift observed would be voltage dependent. In that case, the 

voltage spacing, for example, between the σ* peak and the P1 for 12 nm SOI would be 

higher than that for the 45 nm SOI. A lack of such a bias dependent non-linearity in the 

peak-shift in Fig. 4.6(b), establishes that the blue shift in the STS and field emission 

spectra is not due to the tip induced band bending.  

4.10 Spreading resistance 

 At this point it is clear that the dopant concentration profile in SOI and the 

charge depletion at the SOI/BOX interface results in higher film resistivity in 

progressively thinned SOI. The drastic change in the film resistivity below 16 nm and a 

blue shift in the STS and field emission spectra below 16 nm, seems to be related. Even 

though the factors such as the sample resistance, changing work function and the tip 

induced band bending may have some contribution to the STS blue shift, we now 

understand that these factors alone cannot explain the magnitude of blue shift observed 

in this work. Another factor that could result in a huge series resistance in STM 

measurements is the spreading resistance, which is directly proportional to the 

resistivity of the sample. Since the thinner SOI have a higher resistivity, the contribution 

of the spreading resistance is also bound to increase for these thinned samples. The 

following section quantitatively analyses the sensitivity of STM, STS and field emission 

spectroscopy to spreading resistance in SOI device layers. 
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Fig. 4.14(a) shows a schematic of various resistive components of an STM and 

the model for the tunneling current circuit proposed by M. B. Johnson et al., [7] 

including the spreading resistance in the STM circuit. Spreading resistance RSP arises 

Fig. 4.14: Schematic representation of tunneling in STM demonstrating the tip position over 

the sample, the effective tunneling area and the resistive components such as tunneling 

resistance (RT), spreading resistance (RSP) and sample resistance (RS). The effective tunneling 

area is indicated by the shaded circle on the sample. A schematic representation of the STM 

circuit model1 is also presented. (b) The graph compares RSP calculated from the spreading 

resistance model with RΔV, the resistance calculated from the voltage blue shift observed in STM 

and STS. RSP calculated from the spreading resistance for 14 nm (purple) and 12 nm (black) 

SOI is plotted on a log scale with respect to the contact aperture radius. RΔV is shown in blue 

and red for 14 nm and 12 nm, respectively.   
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due to the current spreading radially out into the ‘‘bulk’ of the sample from the point of 

‘contact’ on the surface [8]. RSP depends on the size of the contact and the resistivity ρ 

of the sample. The relation is given by  

𝑅𝑆𝑃 =  
𝜌

4𝑎
 

4.2 

where a is the radius of the circular “contact” area [8]. RSP causes up to 80% of the 

potential drop to occur within a distance of 5a from the point of contact in the sample 

[33]. In a typical STM sample holder configuration, RS and RSP along with RT adds up  

in series to give a total resistance R (see Fig 4.14(a)). In an STM operation on a 

conductive sample, the voltage drop in the circuit is predominantly due to the tunneling 

resistance between the STM tip and the surface of the sample. Therefore the tunneling 

resistance RT, which is typically between 1 and 200 GΩ, supersedes all other resistances 

in the circuit. However, for a high resistivity sample, spreading resistance becomes 

comparable with the tunneling resistance and therefore results in a significant voltage 

drop in the sample locally near the tip, potentially causing the spectral shifts found in 

Fig. 4.6(b). Fig. 4.14(b) compares RSP calculated using the 𝜌 obtained from 4-point 

probe resistivity and 𝑅𝛥𝑉 calculated using 

Where 𝑅𝛥𝑉 is the resistance calculated from the voltage shift (ΔV) observed in STM and 

STS measurements and I is the tunneling set-point current. The tunneling contact area 

𝑎 depends on the STM setpoint parameters and the shape of the tip, making it 

challenging to determine the exact value. Hence, in Fig. 4.14(b), RSP is calculated for 

14 nm (purple) and 12 nm (black) SOI using different values of 𝑎 from 0.1 Å to 10 Å. 

RT calculated for 14 nm SOI (blue) is around 20 GΩ and increases to between 75 GΩ – 

100 GΩ for a 12 nm sample (red). It can be noted that RT overlaps with RSP for the 

contact radius between 0.6 Å – 2 Å so that the effects observed in STS and emission 

spectra (Fig. 4.4(a)) can indeed be accounted for by the spreading resistance [9]. These 

data suggests that for sample resistivity above ~1 Ωcm, STM can be extremely sensitive 

to factors such as doping concentration, depletion and resistivity.  

 

 

𝑅𝛥𝑉 =  
𝛥𝑉

𝐼
 

4.3 
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4.11 Annealing and dopant re-distribution  

In order to verify the results presented above, STM and STS measurements 

were repeated on SOI device layers with higher dopant concentration. A higher 

concentration of dopants in thinned SOI was achieved via two different processes: 

annealing original 45 nm SOI prior to thinning and ion implantation of thinned SOI. 

The original 45 nm doped SOI, whose dopant distribution profile is shown in Fig. 4.9, 

was annealed to allow redistribution of the dopants before thinning. Annealing led to 

redistribution (see Fig. 4.15) of the dopants, and also segregation at the SOI/BOX 

interface. This resulted in a higher carrier concentration near the SOI/BOX interface. 

More carriers at the interface reduced the depletion caused by the interface trap states 

and this resulted in a low resistivity in the thinned SOI. Alternatively, low resistivity in 

ultra-thin (≤ 12 nm) SOI was obtained by ion implantation of a high dose of dopants 

in the thinned films. 

 

A shallow doped silicon with a layer of oxide on the surface, when annealed 

above 550 ºC, results in pile-up of dopants on the silicon side of the Si-SiO2 interface 

[34-36]. Fig. 4.15 shows the SIMS DP analysis for Si (grey), P (black) and O (blue) in 
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Fig. 4.15: Phosphorus concentration (black curve) of 45 nm SOI film recorded with SIMS depth 

analysis following ten anneal cycles at 750 ºC. Oxygen (blue) and silicon (grey) profile is also 

shown for reference.  
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the device layer of the 45 nm SOI sample following ten anneal cycles at 750 ºC, each 

of 60 seconds duration. The dotted curve shown in Fig. 4.15 is the DP of P obtained 

from the sample before annealing. The dotted lines indicate the two interfaces of SOI. 

The thin SOI is sandwiched between two oxide interfaces and the SIMS DP of P in the 

annealed sample shows a high level of segregation at both the interfaces. The 

concentration profile in the middle of the film is almost flat and below 6 × 1019 cm-3. 

The integral of the DP of P, before and after annealing, is around 1.33 × 1021 cm-3 and 

8.62 × 1020 cm-3, respectively. The difference in the total dopant concentration in the 

film before and after annealing is low. Nevertheless, the difference in the dopant 

concentration could be due to (a) dopant loss from the film due to sublimation through 

the silicon surface during annealing [37] (b) error in the measurements and calculation. 

It is however beyond the capability of the resolution of the SIMS instrument used in 

this experiment to accurately determine the difference.  

Generally, segregation has an adverse effect on the electrical properties of 

silicon [38, 39]. Dopants tend to accumulate at the interface and form clusters. Since 

clusters are not located on the silicon lattice sites, they do not increase the mobile 
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Fig. 4.16: Four point resistivity of SOI thinned after 10 anneal cycles at 750 ºC (black solid), 

plotted as a function of device layer thickness. The grey dotted curve shows the SOI resistivity 

of SOI thinned without annealing, shown here for comparison.  
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charge density [40]. Therefore, accumulation and clustering leads to inactivation of 

dopants, termed as dose loss [38-40]. Dose loss in SOI results in a higher film resistivity  

[38, 39]. However, some studies [36, 41] have also shown that dose loss in annealed 

phosphorous is partially reversible. It is reported that annealing for an extended period 

of time [36] or multiple annealing cycles [41], results in reversal of dose loss, this 

process has been termed as detrapping. The interface trap at the SOI/BOX interface 

leads to a depletion of charge carriers in the film [5, 28, 42-44], which results in higher 

film resistivity [28, 42-44]. Having a higher carrier concentration near the interface 

could possibly lower the depletion length and increase the film conductivity. A multiple 

annealing cycle, similar to that adopted in this work, could result in a higher detrapping 

of the segregated dopants, which could lead to a higher number of charge carries at the 

interface. The detrapping of segregated dopants in SOI could lower the resistivity of the 

film. 

 Fig. 4.16 shows a semi-log scale resistivity plot as a function of device layer 

thickness for SOI thinned after annealing (black solid). For the sake of comparison, the 

resistivity plot of un-annealed samples is also shown (dotted grey) in Fig. 4.16. The 

graph clearly suggests a drastic change in the resistivity profile in the SOI after 

annealing. Resistivity of annealed SOI is significantly lower below 15 nm, with over 2 
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Fig. 4.17: Phosphorus concentration for, as doped un-annealed (black curve) and annealed 

(red) 12 nm SOI recorded with SIMS depth analysis. Oxygen (blue) and Silicon (grey) profile 

is also shown for reference.  
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orders of magnitude difference between the two data below 10 nm. The values are also 

lower above 35 nm. However, between 15 nm – 35 nm, the resistivity of annealed SOI 

is higher than for the un-annealed samples. This resistivity profile supports the SIMS 

DP of phosphorous in annealed SOI (Fig. 4.15), with dopants segregated at the two 

interfaces. As the device layer is thinned, a large amount of dopants segregated at the 

SOI/native oxide interface are lost and the resistivity increases in comparison to un-

annealed SOI which has a higher concentration at its centre. The carrier concentration 

in thinner SOI are limited by the depletion caused by the interface traps. Since 

annealing leads to a pileup of dopants at the SOI-BOX interface, annealed SOI with 

thicknesses below 15 nm have higher carrier concentrations and lower resistivity than 

un-annealed samples. These results also suggest that multiple annealing cycles could 

facilitate detrapping of the segregated dopant and reduce the resistivity of the film.  

 Low resistivity ultra-thin SOI samples were also obtained by ion implantation 

of thin SOI wafers. Fig. 4.17 shows the SIMS DP analysis for Si (grey), P (black) and O 

(blue) in the 12 nm device layer. The red curve in the graph shows the phosphorous DP 

following annealing at 750 ºC for 60 seconds. The SOI wafers were annealed and 

thinned to various thicknesses down to 5 nm for resistivity and STM analysis. The 

resistivity of a 10 nm and a 5 nm SOI were 2 × 10-3 cm-3 and 1 × 10-2 cm-3, respectively. 

4.12 STM and STS of < 12 nm SOI  

 Annealed SOI thinned down to 12 nm were studied with STM, STS and field 

emission spectroscopy to check the effects of spreading resistance. No voltage drop or 

shift in STS peaks were observed for these samples. Further measurements were also 

carried out on SOI samples with various thicknesses of 10 nm, 8 nm and 5 nm by 

thinning the 12 nm ion implanted SOI device layer. Fig. 4.18(a) shows a plane fit STM 

image recorded on a 5 nm SOI surface with 0.5 V bias and a current set-point of 20 pA. 

The image and the bias stability conditions are identical to that found on bulk Si(100) 

[2]. Fig. 4.18(b) and 4.18(c) compare the tunneling spectra and field emission spectra 

recorded on the 5 nm SOI (black) and a bulk Si surface (grey). The STS spectra for the 

5 nm SOI are essentially identical to that of the bulk Si (100). These results demonstrate  

that with sufficient doping the effect of spreading resistance can be minimised to 

investigate the electronic structure of 5 nm thick device-layers.   



CHAPTER 4: SPREADING RESISTANCE AT THE NANO-SCALE 

 

111 
 

 

4.13 Conclusion   

Si(100) device layers with different n-type doping concentration were studied 

by scanning tunneling microscopy, spectroscopy and field emission spectroscopy. SOI 

device layers with varying doping-levels were obtained by thinning an ion implanted 

45 nm thick SOI. The dopant profile of the SOI was obtained using ex-situ SIMS. The 

effects of thinning annealed and un-annealed SOI on the electrical properties were 

studied with 4-point probe resistivity measurements. Further, thinned SOI was 

characterized with STM. A voltage shift in the position of the features in tunneling and 

Fig. 4.18: Scanning tunneling microscopy and spectroscopy of 5 nm SOI. (a) STM image of 

the surface state recorded at 0.5 V and 20 pA current shows the dangling bonds (also shown 

in Fig. 4). (b) and (c) shows the tunneling and field emission spectra respectively.  Spectra 

plotted in grey are for bulk Si. 
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field emission spectra was observed as a function of the doping concentration in the 

device layer.  

A STM technique was established to identify the shifted spectral features of 

Si(100) surface. A clean Si(100) (2 × 1) surface has the empty state 𝜋* and 𝜎* bands 

at around +0.3 V and +0.8 V above the Fermi level, respectively. STM bias voltage 

corresponding to 𝜋* and 𝜎* bands show zig-zag dangling bonds or bean shaped back 

bonds, respectively. The topographic phase transition observed by switching the STM 

bias voltage between the two empty state bands was used to identify the shifted 

spectral features in the thinned SOI. Additionally, the shift observed in the field 

emission spectra was compared with the work function measured through ex situ 

kelvin probe microscopy. The work function as a function of doping level in the thinned 

SOI device layer was determined with a Pt coated AFM tip with respect to a gold 

reference. The KPM data showed a clear variation in the work function along the 

thickness of the device layer but this variation was almost insignificant in comparison 

to the voltage shift observed in the field emission spectra. The KPM asserted that shifts 

observed in field emission spectra were not a result of work function variation in the 

device layer.  

Effects of tip-induced field on band bending in a Si(100) (2 × 1) surface was 

discussed in context of the blue shift observed in STM and STS. It was shown that the 

pinning of the Fermi level and surface states of a Si(100) (2 × 1) surface limits the tip-

induced field effects to less than 0.8 V. Furthermore, the role of spreading resistance 

due to the extremely small tunneling contact in STM, combined with the high resistivity 

of the device layer was discussed. A comparison of the spreading resistance value 

calculated using the electrical resistivity data and the voltage blue shift observed in 

STM/STS showed a good match corresponding to a contact radius of between 0.4 Å – 

1.5 Å. These results asserted the sensitivity of STM, STS and the field emission 

spectroscopy to spreading resistance in Si(100) ultra-thin SOI. The correlation between 

the dopant concentration and the voltage shift measured in STM and STS were 

demonstrated and the blue shift in the spectral and image features were shown to be 

due to the spreading resistance. Incidentally, application of STM and STS to study the 

dopant concentration in the range of 1013 - 1016 cm-3 in Si(100) was also demonstrated.  
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In order to verify these findings and also to study size effects in ultra-thin SOI, 

the experiments discussed above were repeated on less than 12 nm heavily doped (1020 

cm-3) SOI. The STM and STS of 5 nm SOI showed no significant role of tip-induced 

band bending or the spreading resistance. Subsequently, it’s observed that an SOI film 

with device layer thickness down to 5 nm characterized with an LT-STM and STS 

behaves bulk like showing STS and ER spectra features very similar to bulk silicon. 
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5  

T H E R M A L  S T A B I L I T Y  O F   

U L T R A – T H I N  S O I  

The evolution of the morphology of silicon-on-insulator (SOI) due to 

annealing in an UHV environment was investigated. Thin SOI film deforms at high 

temperatures into 3D crystals in a process known as dewetting. The process is 

driven by surface energy minimization and occurs via surface diffusion. The 

dewetting process in SOI is known to start with nucleation of voids in the film and 

grows via capillary edge and Rayleigh instabilities. In this work, preliminary 

measurements have suggested that SOI with thicknesses below 4 nm dewets 

spontaneously through a process that involves thermally driven fluctuations of the 

film thickness. STM measurements have shown that annealing 3 nm SOI films 

produces low energy facets along with a wave-like modulation of the surface 

roughness. Supporting evidence has also been obtained from SEM and AFM 

measurements, which show the presence of thickness fluctuations in the film which 

is known to be characteristic of films dewetting via the growth of thermal 

fluctuations. Finally, KPM measurements show clear evidence of the presence of 

an ultra-thin wetting layer between the dewetting crystals during dewetting of a 3 

nm SOI film, consistent with the emergence of a new dewetting mechanism at these 

thicknesses.  
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5.1 Introduction 

The thermal stability of thin films is of pronounced technological 

importance [1-3]. Thin films and nanostructures are extensively used in making 

devices such as CMOS, FET, solar cells, sensors, etc., and fabrication of devices 

usually involves high temperature processing. Thin films are frequently metastable 

and their shape usually changes following thermal treatment [2]. A 2D film 

agglomerates into 3D crystal islands, exposing the underlying substrate layer when 

heated to sufficiently high temperatures [1, 2, 5]. This phenomenon, when it 

occurs, is known as dewetting and is driven by surface energy minimization and 

usually occurs well below the melting point of the film [2]. Dewetting is important 

for SOI based technologies since the Si device layer has a significantly higher 

surface energy than the BOX. 

Surface studies of SOI film is complicated by the presence of the thermal 

oxide that caps the device layer. A study of SOI requires removal of this protective 

oxide layer known as native oxide [6-9]. In UHV, the oxide layer is desorbed 

through a thermal annealing process [6, 7, 9]. Once the native oxide has been 

removed from SOI, the Si device layer will undergo dewetting behaviour under 

certain thermal conditions, peeling back the device layer to uncover the BOX. There 

are many literature reports of dewetting occurring for SOI device layers [2, 10-18]. 

Thermal oxide desorption in SOI starts at around 750 ºC [9, 19] and the process 

does not depend on the thickness of SOI. However, the onset temperature of 

dewetting is known to decrease with the thickness of SOI [13, 19, 20]. In the case 

of ultra-thin SOI, the dewetting temperature gets closer to the oxide desorption 

temperature, complicating the thermal processing of these films since desorption 

and dewetting processes are in competition.    

Annealing of ultra-thin SOI also leads to interesting and unexpected 

behaviours. STM measurements on 3 nm SOI have shown that annealing leads to 

faceting of the film and an increase in surface roughness. Also, crystals formed due 

to dewetting of the ultra-thin film have a lower contact angle compared to that 

found for thicker films. Further, analysis has shown the presence of wave-like 

surface patterns on the ultra-thin SOI following annealing, similar to that reported 
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for polymer and metal films [21-28], and the existence of a wetting layer that 

physically and electrically connects the dewetting crystals – phenomena that is not 

seen in the case of thicker SOI. We suggest that SOI films with thicknesses less than 

4 nm are sensitive to thermal fluctuations, which may allow the top and bottom 

interfaces to interact. These fluctuations modulate the film thickness, creating 

matter waves that ultimately lead to the formation of dewetted crystals separated 

by a Si wetting layer stabilised by the van der Waal interaction between these 

interfaces. We further suggest that this phenomenon is responsible for the presence 

of low energy facets and the low contact angles measured at these dewetted 

crystals. 

5.2 Experimental details 

SOI samples with device layer thickness ranging from 3 nm to 45 nm were 

annealed in an UHV environment with base pressure lower than 1 x 10-10 mbar. All 

samples were prepared from the following 3 wafers: 1) a 45 nm SOI with doping 

concentration of 1019 cm-3, and BOX thickness of 145 nm, 2) a 12 nm SOI with 

doping concentration of 1015 cm-3, and BOX thickness of 25 nm, and 3) a 12 nm 

SOI with doping concentration of 1020 cm-3, and BOX thickness of 25 nm. Since 

STM measurements were possible only on conducting samples, highly doped SOI 

were used for all the surface measurements. Details about the initial wafer 

thickness of every sample are provided as discussed.  

All samples were cut into standard size of 11 × 5 mm. Samples for 

dewetting studies only, were prepared by thinning the whole region of the SOI film 

using fluorine and oxygen plasma, as discussed in chapter 3. However, SOI samples 

with thicknesses less than 12 nm, used for dewetting and surface studies (STM and 

STS measurements), were patterned to have a reference film (10 nm) alongside a 

film with required thicknesses (3 – 10 nm). The 10 nm reference film was mainly 

used to verify the quality of the STM tip. These samples were fabricated similar to 

that used for the multi-thickness samples prepared for KPM measurements 

discussed in section 4.2 of chapter 4. However, since etching small thicknesses (2 

- 6 nm) with fluorine plasma was a challenge, a KOH recipe was instead used to 

etch silicon. A 12 nm SOI with native oxide was covered with photoresist and rinsed 
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in 1% dilute HF to remove the native oxide from the unexposed region. After 

washing off the resist, the sample was rinsed in 30 % KOH solution for 3 – 10 s at 

room temperature. KOH etched about 2 – 6 nm of silicon. Samples were then 

treated with oxygen plasma to make sure that the surface was flat and smooth. 

Before loading into the UHV chamber, samples were rinsed in HF followed by 

oxygen passivation using H2O2 (technique discussed in chapter 3).  

Techniques such as direct resistive heating and indirect heating on a 

button heater were used for the thermal treatment. Similar results were obtained 

from both the techniques, however, direct resistive heating technique was 

advantageous for thermal gradient measurements. Samples were annealed in UHV 

to temperatures ranging from 700 to 900 ºC, for 10 – 300 s. For surface studies 

(STM) of ultra-thin SOI film, the annealing parameters for every individual sample 

had to be optimised to preserve the integrity of the film and avoid dewetting. 

Surface morphology of the film after annealing was investigated using Zeiss SEM, 

Bruker AFM and Createc STM. All Kelvin Probe Microscopy measurements were 

carried out in KPM mode in the Bruker Enviroscope AFM. 

5.3 Surface studies of annealed ultra-thin SOI 

SOI device layers of various thicknesses ranging from 45 nm to 3 nm were 

characterized with STM and STS. The STM measurements were carried out 

following ex-situ cleaning described in chapter 3 and flash annealing to desorb the 

native oxide. The effects of annealing on dopant diffusion, dopant segregation and 

the resulting variation in the electrical properties of the film are discussed in 

chapter 4. This section discusses the evolution of the surface morphology of SOI 

films due to annealing, especially the case of ultra-thin SOI films. 

STM measurements were carried out on ultra-thin SOI with thicknesses of 

12 nm, 10 nm, 8 nm, 5 nm and 3 nm. These samples were thinned from an 

annealed (750 ºC for 60 s) 12 nm SOI doped to 1020 cm-3. Annealing before 

thinning was carried out to activate the dopants and allow diffusion towards the 

SOI-BOX interface as discussed in section 4.11 of chapter 4. These samples were 

thinned using the KOH recipe discussed in the experimental section (section 5.2),  
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and flash annealed to desorb the oxide. Since flash annealing for longer times 

results in dewetting, a single short anneal of 30s at around 750 ºC was adopted for 

all samples except the 3 nm one. Due to the short annealing time, most of the oxide 

on the surface was still intact except for the OFR (oxide free region) and STM 

measurements were carried out inside these OFR.  

The surface morphology of the thinned samples did not appear to vary much 

for SOI thicknesses down to 5 nm. Fig. 5.1(a) shows a plane fit STM height image 

of a flash annealed 5 nm SOI, recorded with 2 V bias and a current set-point of 10 

pA. The STM image shows an atomically flat surface with occasional atomic steps. 

The dark line defects running perpendicular to the dimer rows on the surface are 

the metal contaminants [29], probably caused by the dissolved metal ions in the 

HF bath, and which are commonly found on Si(100) surfaces. Fig. 5.1(b) and 

Fig. 5.1: (a) STM height image of a 5 nm SOI recorded at 2 V and 10 pA current setpoint. 

(b) and (c) shows the tunneling and field emission spectra, respectively, recorded on the 

5 nm surface (black) and bulk Si(100) (2 × 1) (grey).   
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5.1(c) shows the tunneling and field emission spectra, respectively, recorded on 

the 5 nm SOI (black) and the bulk Si(100) (2 × 1) (grey). Both tunneling and field 

emission spectra recorded on SOI down to 5 nm SOI were essentially identical to 

that of the bulk Si (100), as discussed in chapter 4. 

Fig. 5.1(a) confirms that SOI with film thickness down to around 5 nm can 

be annealed to desorb oxide and results in an atomically flat device layer surface. 

The figure also suggests that the KOH etch recipe followed by oxygen plasma 

smoothening, used in this work, produces an atomically flat SOI surface. Due to 

the extremely narrow process temperature window, the STM measurements were 

successful only after numerous failed attempts to optimise the thermal budget. 

Manual loading of samples on the sample holder caused every individual sample 

to require slightly different annealing parameters. Further, despite all the 

optimization required, ex-situ SEM characterization of the annealed 5 nm SOI 

sample revealed that several regions on the film, especially at the edges had 

dewetted.  

Fig. 5.2: STM image of a flash annealed 3 nm SOI. (a) shows a 3D STM height image and 

(b) shows the current error image. The image was recorded with 8 V and 5 pA. The STM 

height image shows a wave like pattern as pointed by the dotted line in (a). 
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Fig. 5.2(a) and 5.2(b) shows the 3D STM height and current error image, 

respectively, of a 3 nm SOI following flash annealing at ~730 ºC for 30 s. The 

image was recorded with 8 V bias and 5 pA current. The plane fitted STM image 

in Fig. 5.2(a) shows that, in contrast to the smooth surface found for the 5nm SOI 

film, annealing the 3nm film results in a rough surface with an average roughness 

of 1.5 nm (neglecting the slope) and a maximum feature height of about 23.4 nm.  

The 3d view of this surface reveals the presence of a wave like pattern with a peak 

and trough indicated by the dotted line in Fig. 5.2(a). The current error image in 

Fig. 5.2(b) shows the surface to be made of several rectangular terraces. The STM 

analysis of the 3 nm SOI confirmed that the surface remained conducting and the 

measurements could be carried out at biases as low as 0.5 V. Crucially, this means 

that despite the mass transport that is evident in Fig. 5.2(a) the SOI film has 

remained continuous. Furthermore, the surface profile in Fig. 5.2(a) also suggests 

that the ultra-thin SOI roughens during annealing forming peaks and troughs but 

without rupturing the film and exposing the low energy SiO2 interface.  

 

To further study the surface morphology, detailed high-resolution STM 

images were recorded at different regions of the 3 nm SOI. Unlike the Si(100) 

terraces found in thicker SOI samples, the surface of the 3 nm SOI was facetted 

Fig. 5.3: STM 3D height images of the 3 nm SOI surface showing different surface 

features. (a) is recorded with set-point parameters of 2 V bias, 10 pA current. (b) is 

recorded with 0.5V bias and 10 pA current. (a) shows sharp rectangular terraces while 

(b) shows circular terraces.  
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with two kinds of terraces: a rectangular terrace and a circular terrace structure. 

Typical rectangular and circular terrace structures recorded at different locations 

are shown in Fig. 5.3(a) and Fig. 5.3(b), respectively. The STM images in Fig. 

5.3(a) and (b) are recorded with biases of 2 V and 0.5 V, respectively, and a set-

point current of 10 pA for both the images. The structure of the atomic rows within 

both the terraces was apparent when the STM bias voltage was below 2.5 V. 

However, both the facetted surfaces consisted of only one kind of surface domain, 

as shown in Fig. 5.3(b). The difference in the terrace structure is assumed to be 

Fig. 5.4: (a) shows the line profile taken from the dotted line in Fig. 11(b). The angle 

offsets θ and δ are ~ 7.3º and ~ 19º, respectively. (b) the line profile taken from the solid 

line in Fig. 11(b) showing the spacing between the rows. (a) and (b) shows the tunneling 

and field emission spectra, respectively, of the 3 nm SOI. Both the spectra were recorded 

with set-point parameters of 2 V and 20 pA current. The grey spectra in (d) is the field 

emission spectra recorded from a bulk Si(100) (2 × 1) surface. The grey spectra in (c) 

and (d) are the spectra recorded from the bulk Si(100) shown here for reference. 
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due to the annealing temperature gradient in the sample since the measurements 

were carried out at different locations.  

 

Fig. 5.5: SEM images of thickness fluctuations and dewetting captured in the same 3 nm 

SOI due to thermal gradient across the sample during annealing. (a) shows the initial 

stages where fluctuation in the film thickness can be seen (pointed with white arrows). 

(b) shows the dewetting crystals with tapered edges. The tapered edges are pointed with 

black arrows.  
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Fig. 5.4(a) shows the line profile extracted from the dotted line shown in 

Fig. 5.3(b). The profile shows bunching of steps with the single terrace step height 

of ~1.6 Å. The spacing between the atomic rows in the case of (θ) sloped terrace 

was around 4.6 Å (see Fig. 5.4(b)). The step height and the atomic row spacing 

clearly show that the terraces are not along the Si(100) plane. Fig. 5.4(c) and 

5.4(d) shows the tunneling and field emission spectra recorded on the 3 nm SOI 

surface. The tunneling spectra showed a sharp empty state peak at +0.25 eV and 

a broad filled state peak at around -0.5 eV. The tunneling spectra show that the 

surface was semiconducting with a surface energy gap of ~0.2 eV. The field 

emission spectra from the annealed 3 nm SOI film shows several sharp peaks at 3 

eV, 5.4 eV, 6.8 eV, 8 eV and 9 eV. In comparison to the field emission spectra of a 

bulk Si(100) (2 × 1) surface (grey spectra in Fig. 5.4(d)), all the peaks in the 

spectra from the 3 nm SOI were blue-shifted by at least 0.4 eV. This blue shift in 

the field emission spectra could indicate a shift in the work function of the surface 

due to the difference in the crystal plane of the facet [30, 31].  

The STM analysis showed roughening of the 3 nm film following annealing 

resulting in a peaks and troughs structure, in certain cases these structures are 

several times the thickness of the film. These observations are consistent with 

silicon mass transport across the film and may be a result of the thermal 

fluctuations that is captured during the rapid anneal process [22-28]. 

 

Fig. 5.6: Schematic illustration of the equilibrium contact angle considered in Young’s 

equation[2, 4].  
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To check for large scale mass transport the annealed 3 nm SOI was further 

analysed using SEM and AFM. Due to the thermal gradient present during 

annealing, different stages of the dewetting process are found across the film. Fig. 

5.5(a) shows a region from the cooler side of the ~3 nm SOI, where the surface 

appears uneven due to fluctuations in the film thickness. The uneven nature of the 

film results in a contrast difference in the SEM image. The STM data presented 

above was recorded from around the region shown in Fig. 5.5(a). The film 

fluctuations seen in the SEM image can be closely related to the peaks and troughs 

observed in STM. Fig. 5.5(b) shows the dewetting in the hotter region of the sample 

where presumably the amplitude of the thermal fluctuation is more pronounced. 

Here we find that some of the crystals seem to lack the anisotropy in its shape – 

crystal facets seem to be absent in some crystals. It can also be noted that some of 

the crystals have tapered edges, and appear to have reduced contact angles. We 

believe that the tapered edges in the crystals are because the crystals are connected 

with a wetting silicon layer instead of the BOX. The smaller equilibrium contact 

angle of the crystals could indicate a reduced surface energy of the film as shown 

by the Young's equation given by, 

cos 𝜃 =  (
𝛾𝑆𝑉 −  𝛾𝑆𝐿

𝛾𝐿𝑉
) 5.1 

Where, γSV, γSL and γLV are the surface energies for the solid-vapor, solid-liquid 

and liquid-vapor interfaces, and 𝜃 is the equilibrium contact angle (see Fig. 5.6) 

[2, 4]. The reduction in the film’s surface energy is possibly due to the restructuring 

of the ultra-thin film during annealing forming low energy facets, as observed in 

the STM analysis.      

5.4 Kelvin probe microscopy of annealed 3 nm SOI 

Annealing studies of patterned metal wires (carried out by other research 

groups), have shown that development of thermal instabilities can lead to 

formation of thin filaments between the dewetting crystals [32]. It is also known 

that rapid re-solidification can freeze-in the transient morphologies such as the fine 

connecting filaments [32]. In this work, we have shown that it may be possible to 

capture the transient morphology in the dewetting of ultra-thin SOI films where 

the dewetting crystals are still connected to each other through an ultra-thin 
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wetting film. We now show that the presence of wetting films can be detected using 

Kelvin probe microscopy (KPM). 

The ex-situ KPM measurements described here were carried out 

immediately following UHV annealing to avoid oxidation of the wetting layer. 

Unfortunately, these measurements could not be carried out on the annealed 3nm 

SOI discussed earlier. Instead, the measurements were carried out on a different 

patterned sample that exposed regions of the silicon substrate beneath the BOX. 

This provided an important reference layer that allowed differentiation of the BOX 

and the Si device layer.  Since the contact potential difference (CPD) in KPM can 

be influenced by the quality of the AFM tip, it is good to have a reference layer in 

the sample. For this purpose, the 3 nm SOI was patterned into a strip, with BOX 

etched down to the substrate on either side of the strip (as shown in the Fig. 

5.7(a)). The exposed silicon substrate, was used as a reference to compare the 

contact potential difference. Fig. 5.7(a) and 5.7(b) shows the 3D AFM height and 

CPD image, respectively, of the 3 nm sample, following flash annealing at ~730 

ºC for 30 s. These ex-situ KPM measurements were carried out immediately 

following the UHV annealing. 

The CPD images were acquired in the Kelvin Probe Microscopy (KPM) 

feature of AFM in the lift mode using a two-pass scan on electrically grounded 

samples. A Topography image was obtained during the first pass in tapping mode 

with zero tip bias. During the second pass the tip was lifted to a set distance (hlift 

= 30 nm) above the sample surface while a bias voltage (Vtip) was applied to the 

tip. An alternating current (ac) voltage combined with a direct current (dc) bias 

was applied to the tip during the scan in lift mode, i.e., 𝑉𝑡𝑖𝑝 =  𝑉𝑑𝑐 +  𝑉𝑎𝑐 sin(𝜔𝑡) 

and the peak-to-peak amplitude of the Vac was set to 6 V. A lock-in amplifier was 

used to isolate the signal while the feedback controller of the AFM adjusted the Vdc 

such that the electrostatic interactions between the tip and the sample were 

nullified.  

While the AFM height image in Fig. 5.7(a) shows that the film has dewetted, 

the stability of the CPD image in Fig. 5.7(b) suggests that the crystals and the 

region between the crystals (which we shall refer to as the wetting layer) is 
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electrically conducting. In a thicker SOI, it is well known that the 2D film 

agglomerates into 3D crystals exposing the underlying insulating BOX [2]. Since 

the crystals sit over the insulating BOX, they are electrically isolated from each 

other and thus CPD measurements are not possible. However, in the CPD image 

shown in Fig. 5.7(b), crystals are not charging, indicating that the crystals are 

electrically connected to each other and to the grounding electrode. Furthermore, 

the difference in CPD of the crystals, the wetting layer and the silicon substrate, is 

less than 400 mV. Fig. 5.7(c) shows the height (black) and CPD (blue) line profile 

crossing over the Si substrate, crystals and the wetting layer, labelled in Fig. 5.7(a). 

CPD of the silicon substrate was used as a reference. The line profile clearly shows 

the CPD difference between the three entities. Interestingly, we find the CPD values 

were different for crystals of different sizes. To compare the relative CPD values, 

Fig. 5.7: AFM and KPM data suggesting the possibility of freezing a transient morphology 

in annealed ultra-thin SOI with dewetting crystals inter-connected with an ultra-thin 

“wetting” film. The sample was patterned into a ~250 nm SOI strip with BOX etched on 

either side to expose the Si substrate. (a) and (b) shows the 3D AFM height and CPD 

data, respectively. (c) shows the height and CPD line profile obtained across the line 

shown in (a). (d) shows the CPD histogram of the substrate (red), crystals (blue) and the 

“wetting” layer (black). Histogram for the crystals and the wetting layer is extracted by 

fitting the dotted curve shown in (d).  
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histograms were obtained (Fig. 5.7(d)) from the three regions in the CPD image 

corresponding to the substrate, crystals and the wetting layer, recorded from the 

areas within the red, blue and black dotted enclosures in Fig. 5.7(b). The histogram 

for the crystals and the wetting layer was obtained by fitting the combined data 

shown as a dotted curve in Fig. 5.7(d). The position of the peaks corresponding to 

the film and the crystals show a CPD difference of about 200 meV and 410 meV, 

respectively. The substrate silicon is p-type doped to 1015 cm-3 while the SOI is n-

type doped to ~1020 cm-3. The difference in CPD values may be explained as a 

difference in the doping concentration of the three regions. However, the 

difference could also be due to the small sizes of the film and the crystals. 

Regardless of the precise CPD values, the KPM data confirms that the crystals are 

interconnected by an ultra-thin wetting layer. These results are in-line with the 

STM and SEM data of the ultra-thin SOI.  

5.5 Different dewetting mechanisms in SOI device layer 

This section presents an analysis of surface morphology following UHV 

annealing of SOI with film thicknesses ranging between 3 nm to 25 nm. This 

section also describes and further compares the two dewetting mechanisms 

observed in this work. 

Generally, for SOI films thinner than 45 nm, annealing above 900ºC 

encourages dewetting, the extent of dewetting however depends on the film 

thickness and the anneal duration. The initiation of the dewetting process in a flat 

and stress-free SOI film is known to occur via a substrate-exposing void nucleation 

process [2]. When the radius of the void reaches a critical radius (rvoid> rcrit), there 

is a decrease in free energy of the system and therefore such a void grows. The 

activation energy required to form such a void is estimated using the equation [2]  

Δ𝐺𝑣𝑜𝑖𝑑 =  2𝜋𝑟𝑐𝑟𝑖𝑡𝑡𝑆𝑖𝛾𝑆𝑖 = 2𝜋𝑡𝑆𝑖
2 𝛾𝑆𝑖 5.2 

  Where, ΔG is the activation energy for creating the void with rvoid>rcrit, (since, 

𝑟𝑐𝑟𝑖𝑡 =
𝑡𝑆𝑖

𝑆𝑖𝑛 𝜃𝑆𝑖
; therefore rcrit=tSi) tSi is the thickness of SOI and 𝛾𝑆𝑖 is the surface 

energy of SOI. Taking rcrit = tSi =1 nm and 𝛾𝑆𝑖 = 1.5 J/m2 the activation energy 

required to homogeneously nucleate a critical void ~60 eV which is prohibitively 

large and this value further increases with the square of the SOI thickness [2]. For 
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this reason it is believed that homogeneous nucleation of a critical void does not 

occur[2, 33]. A critical void in SOI is believed to occur via a heterogeneous void 

nucleation mechanism at a defect site in the film.  

Once a supercritical void is formed, the thermodynamic model explaining 

the kinetics of dewetting was developed by Danielson et al. [2]. The proposed 

model is a 5-stage mechanism: (1) A void is formed in the thin film, with a radius 

greater than a critical radius that depends on film thickness. (2) The void edge  

 

thickens and retracts by capillary edge instability, exposing the underlying BOX. 

(3) The thickened void edge breaks down due to a Rayleigh instability. (4) The 

void edge forms uniformly spaced fingers of Si. (5) Finally, the fingers break up 

into Si crystals via Rayleigh instability.  

Fig. 5.8(a), 5.8(b) and 5.8(c) shows SEM images recorded from doped SOI 

samples with a device layer thickness of 25 nm following three successive 60 s 

Fig. 5.8: SEM images showing different stages of dewetting of the SOI device layer. (a), 

(b) and (c) are for 25 nm SOI thinned from doped 45 nm and (d) is a 12 nm pristine un-

doped SOI. 
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anneal cycles at 900ºC. These samples were thinned from a 45 nm SOI 

phosphorous doped to 1019 cm-3 and were annealed without oxygen plasma 

cleaning. Fig. 5.8(a) shows a large scale view of a dewetted area on the SOI. The 

Si film has become broken in places, agglomerating into Si crystals and exposing 

the BOX layer. A closer view of one dewetted region is shown in Fig. 5.8(b). 

According to Danielson’s five-step model of the dewetting mechanism [2], fingers 

of Si form at the void edge and then break into nano crystals via Rayleigh 

instability. Some examples of Si fingers which are close to breaking into crystals 

are visible in the area shown in Fig. 5.8(a) [18]. A more detailed image of the nano 

crystals is shown in Fig. 5.8(c). The Si device layer, exposed BOX, and Si crystals 

are indicated in Fig. 5.8(c). Faceting of the crystal islands can be observed in Fig. 

5.8(c). The contact angle of the dewetting crystals is governed by the energy 

configuration in the film [14]. The Young’s equation that relates the interface 

energies with the contact angle, applies during the dewetting process since the film 

is a high viscosity liquid. However, after re-crystallisation the surface contact angle 

of the dewetting solids are uniquely defined for and by the given facet [12, 14]. 

This is unlike the case of a liquid droplet, which is not limited to discrete values 

but takes the value that minimizes the free energy [34]. In the case of two facets 

with degenerate energies, the facets with a steeper surface contact angle will form 

because that results in a smaller surface area [14]. The crystals are usually situated 

on or beside a region of exposed BOX. Fig. 5.8(d) shows dewetting on a 12 nm SOI 

following a 30 s anneal cycle at 850 ºC. This sample was boron doped to 1015 cm-

3 and used as obtained, without thinning.  As the dewetting theory suggests, the 

thinner a film gets, the lower the dewetting temperature [2]. The onset 

temperature of dewetting in 12 nm SOI is at least 50 ºC lower than that of 25 nm 

SOI. Dewetting in 12 nm SOI (Fig. 5.8(d)) shows a square pattern with the edges 

parallel to the <110> direction and the dewetting crystals aligned along the 

<130> direction. This long range order in the position of the crystals is due to the 

surface energy anisotropy in the SOI film.  

As the SOI thickness reduces further, the dewetting temperature also lowers, 

thus dropping the temperature difference between the oxide desorption and 
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dewetting. As a result, dewetting of thinner films gives rise to more complex 

structures [19]. Also, thinner SOI becomes increasingly sensitive to mechanical, 

chemical and thermodynamic factors, which may have minimal impact on 

dewetting in thicker films and responsible for new behaviours in thinner SOI.  

 

 

At the time of writing this thesis, and on the basis of available STM, SEM 

and AFM results, we believe that the dewetting in ultra-thin SOI with thickness 

lower than 3 nm proceeds through thermal fluctuation in contrast to the void 

growth mechanism observed in the case of thicker SOI, as discussed in the previous 

section. The thermal energy produces surface interfacial waves with a 

characteristic wavelength λ that brings about thickness variation in the film (see 

Fig. 5.9) [35]. The fluctuations in the film thickness increases the van der Waals 

attraction interaction between the film surface and the interface. Also, the 

thickness variation increases the film-vacuum surface area thus increasing the 

component of the free energy that will drive the opening of voids to expose the low 

energy BOX. The critical wavelength λcrit, that is defined as the shortest wavelength 

of an interfacial perturbation that may result in the rupture of the film is given by  

𝜆𝑐𝑟𝑖𝑡 =  𝑡2 √
𝑐𝛾𝑆𝑖

𝐴
 

Where c is a constant, t is the thickness of the film, 𝛾𝑆𝑖 is the surface energy of Si 

film and A is the Hamaker constant [22, 35, 36]. Perturbation with wavelength 

Fig. 5.9: Schematic illustration of an interfacial wave in SOI oscillating at a wavelength λ 

showing the change in film thickness Δt resulting from the perturbation, where t0 is the 

initial film thickness. For a set thickness of ultrathin film there is a range of wavelengths 

whose amplitudes will continue to grow until Δt > t0 causing film rupture. 
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𝜆 ≥  𝜆𝑐𝑟𝑖𝑡 are amplified and results in spontaneous rupture of the film [35, 37]. 

However, the fastest growing perturbation wavelength is close to the critical 

wavelength, since a shorter wavelength has less driving force and the longer 

wavelength require the displacement of a larger volume of the film.   

An important aspect of the thermally driven spontaneous dewetting, is the 

formation of undulations, which appears as bicontinuous surface patterns, at the 

early stages of film breakup and formation of uniform sized holes in the film [25-

28]. Analysis of annealed ultra-thin SOI have shown the existence of bicontinuous 

surface patterns and uniform sized holes. Fig. 5.10(a) shows an SEM image of a 6 

nm SOI annealed for 30 s at 750 ºC. The sample surface shows the presence of 

several holes and protrusions as shown in the inset in Fig. 5.10(a). These 

protrusions are believed to be the SiC structures created during the oxide 

desorption process (more details in section 3.4). Fig. 5.10(b) shows a contrast 

adjusted SEM image of Fig. 5.10(a). In Fig. 5.10(b), the pixel intensity of the SEM 

image in Fig. 5.10(a) above and below a threshold value was neglected to display 

a thin slice of grey scale data. The contrast corrected SEM image clearly highlights 

the dark grey bicontinuous surface patterns on the film. The pattern appears similar 

to the thermal fluctuation driven dewetting patterns in polymer and metal films 

[22, 23, 25-28]. This SEM data further supports the argument put forth earlier, 

based on the results of surface analysis of 3 nm SOI, suggesting that the 3 nm SOI 

dewets spontaneously through a process that involves thermally driven fluctuation 

of the film thickness. 

Fig. 5.10: (a) SEM image of a 6 nm annealed SOI. (b) shows the SEM image in (a) after 

adjusting the contrast. (b) shows undulation like patterns on the surface. The inset in (a) 

shows an expanded region in (a) showing holes and carbides. 
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Fig. 5.11 shows a schematic representation of the two dewetting 

mechanisms discussed in this section. The arrow on the left shows the dewetting 

mechanism in a thicker film where the void formed at the defect site grows via a 

diffusion driven capillary edge instability as proposed by Danielson et al.,. The 

mechanism shown on the right is a fluctuation driven spontaneous dewetting 

which is important only in the case of ultra-thin SOI. As shown in section 5.5, 

dewetting in the absence of voids is thermodynamically impossible for thick SOI. 

This thermal fluctuation model is only important for ultra-thin SOI films. Also, in 

the thermal fluctuation mechanism transient morphology with ultra-thin wetting 

layer interconnecting the crystals (as pointed by (Ω) in Fig. 5.11) may be obtained 

by a rapid annealing process.  

Fig. 5.11: The two dewetting modes: through hole nucleation and growth in thick SOI; 

through growth of thermal fluctuation in ultra-thin SOI. (Ω) shows the possible 

intermediate stage in dewetting of ultra-thin SOI due to thermal fluctuation. 

 



CHAPTER 5: THERMAL STABILITY OF ULTRA-THIN SOI 

 

137 
 

5.6 Conclusions 

The evolution of the morphology of SOI device layers after UHV annealing 

was studied for varying film thicknesses. SOI device layers were thinned to 

thicknesses ranging from 25 nm to 3 nm and annealed in an UHV environment to 

temperatures ranging from 600 ºC to 1000 ºC. Further, annealed SOI was 

characterized with SEM, AFM and STM.  

All samples were found to dewet at around 900 ºC, but the extent of 

dewetting depended on their thickness and the duration of annealing. For device 

layer thicknesses above ~4 nm, the film was found to dewet via a diffusion driven 

mechanism. The dewetting process in this case starts as nucleation of square voids 

and voids grow via capillary edge instability and crystals were formed via Rayleigh 

instability. The dewetting process follows along the crystallographic axis: square 

shaped voids grow with edges parallel to the <110> direction and the final crystals 

align along the <130> direction. The dependence on crystallographic axis is due 

to the anisotropic nature of the surface energy.  

STM measurements on 3 nm SOI have shown that annealing leads to 

faceting of the film and increase in surface roughness. The roughness on the film 

resembles peaks and troughs of waves. SEM analysis has shown the presence of 

wave-like surface patterns in the ultra-thin SOI before dewetting. Based on these 

observations we have suggested that ultra-thin SOI becomes increasingly sensitive 

to thermal fluctuations. Using KPM measurements we have detected a transient 

structure during dewetting where the dewetting crystals are physically and 

electrically interconnected. These observations indicate that dewetting in ultra-thin 

SOI with thicknesses less than ~3 nm is driven by the growth of thermal 

fluctuations. The thermal fluctuation in the ultra-thin film allows the surface and 

the interface to interact via van der waals forces and results in homogeneous 

spontaneous nucleation of voids in SOI device layers. The thermal perturbation 

with wavelength equal to or greater than a critical wavelength gets amplified and 

results in spontaneous rupture of the film exposing the underlying BOX. However, 

by abruptly stopping the annealing process, transient structures as mentioned 

above may be obtained. Further, crystals formed due to dewetting of the ultra-thin 
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film having a lower contact angle compared to thicker films. Based on these 

observations, we have proposed that the ultra-thin SOI restructures during 

annealing and forms low surface energy facets. Since the faceting lowers the 

surface energy of the system, dewetting of the facetted film results in a lower 

contact angle of the dewet crystals.  
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6  

T H E R M A L  P R O C E S S I N G  O F   

P A T T E R N E D  S O I  N A N O W I R E S   

Due to the capillary edge and Rayleigh instabilities, the edges of SOI and 

nanowires fabricated from SOI tend to dewet at a reduced temperature compared 

to un-patterned SOI, and therefore makes the surface analysis of nanowires 

challenging. In this work silicon nanowires of different widths were fabricated from 

silicon-on-insulator (SOI) wafers using electron beam lithography. We show that 

nanowires can be processed in UHV using low thermal budget flashing and then 

analysed with STM. The reduction in thermal budget is believed to be due to the 

edge effect along the length of the nanowires. An increase in surface diffusion of 

silicon atoms away from the edges due to capillary forces expedites the oxide 

desorption process in the nanowires. By carefully controlling the thermal process, 

nanowires can be prepared without affecting their structural integrity. However, if 

annealed further, the capillary forces deforms the edges of the nanowires and 

causes them to finally break into a row of crystals due to Rayleigh instability. The 

findings in this work shows that surface analysis of ultra-small silicon nanowires 

on insulator structures is possible. In order to carry out the surface analysis on 

smaller nanostructures in the future, a simple nanowire and nanodisc fabrication 

technique has been developed. Commercially available TiO2 nanowires and 

nanoparticles spray deposited over SOI have been used as etch mask to fabricate 

silicon nanowires and nanodisc from SOI and form the basis for this approach.
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6.1 Introduction 

Nanomaterials are interesting as they exhibit fascinating mechanical [1], 

optical [2, 3] and electronic properties [4, 5] that are significantly different from 

their bulk counterparts. The properties of nanomaterials can also be tuned by 

modifying their size [6, 7], shape [5] and surface [8]. Also, the enormous surface-

area-to-volume ratio of nanomaterials leads to interesting size-dependent 

thermodynamic properties such as lowering of melting point temperatures with 

reducing nanoparticle Size [9-11]. 

Silicon nanostructures have generated particular interest lately owing to 

their compatibility with the existing Si-based micro and nano-electronics 

technology [12-15]. Silicon processing and integration techniques have advanced 

far beyond any other material, and also silicon is considered a model system for an 

indirect-band gap semiconductor [16]. Silicon nanostructures fabricated from 

Silicon-on-Insulator (SOI) have enormous technological relevance since they are a 

basis for some of the current day CMOS technology [17]. Furthermore, the SOI 

structure enables fabrication of crystalline nanostructures of virtually any desired 

crystal orientation over an oxide layer. 

 Silicon nanowires are also an attractive one-dimensional nanomaterial that 

could play an important role as a model system to demonstrate quantum size 

effects [18]. STM and STS are powerful tools to study the electronic structure and 

size effects of nanowires. However, presence of oxide on the nanowires complicates 

the surface analysis. The thermal annealing process used to desorb the oxide in 

UHV, can lead to instabilities in nanowires and result in dewetting.  

Silicon nanowires fabricated over SOI also undergoes self-diffusion at the 

edges due to the capillary forces [19]. The high local surface curvature of the edges 

leads to diffusion of silicon away from the edges into the flat film. This diffusion of 

silicon can accelerate the oxide desorption near the edges and therefore facilitate 

oxide desorption from the nanowires without affecting their structural integrity. 

However, on further annealing, the capillary forces develops into capillary edge 

instability [19]. This instability, which is driven by surface-energy-driven surface-
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diffusion [19, 20], along with Rayleigh instability, later leads to dewetting of the 

edges.  

Under high temperature processing conditions nanowires are prone to 

breakup into fragments. It was first predicted by Plateau that a liquid cylinder of 

radius r is unstable to radius perturbations whose wavelength λ exceeds the 

circumference of the cylinder. The cylinder thus decreases its total energy by 

breaking-up into a row of spherical drops under volume conservation [21]. 

Plateau’s work was later followed by the theoretical studies on the instability of 

liquid jets by Lord Rayleigh [22]. More recently, calculations have been performed 

for solid cylinders by taking mass transport by surface diffusion into account [23]. 

They have shown that for a cylinder with initial radius r and a sinusoidal 

perturbation 𝑅 = 𝑟 +  ∆𝑟𝑜 sin (2𝜋𝑥 𝜆⁄ ), perturbations with wavelength 𝜆 > 2𝜋𝑟 are 

expected to increase spontaneously in amplitude and grow with time.  This is 

consistent with recent results that have shown at high temperatures Si nanowires 

on oxide have also been found to break-up into nanocrystals [19, 24, 25].    

6.2 Experimental details 

6.2.1 Nanowire design considerations 

Si nanowires on SOI were fabricated using electron beam lithography (EBL). In 

order to analyse the SOI nanowires in an UHV STM, samples were designed to fulfil 

the following requirements: 

1. High density of nanowires makes them easier to locate them with STM. 

2. Avoid presence of thick oxide on the sample surface to avoid crashing of 

STM tip.  

3. High doping of nanowires for better conductivity. 

4. Nanowires of multiple widths fabricated for comparative studies. 

These requirements were satisfied by the following design: 

1. High density of Si nanowires in a 200 μm × 200 μm area were fabricated 

and consisted of 400 unit cells shown in Fig. 6.1(a). This 200 μm × 200 μm 

pattern was repeated in the three regions of the sample.  

2. The regions beside the nanowire areas were etched down to substrate 

silicon. 
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3. Si nanowires were fabricated on highly doped (1020 cm-3) SOI device layer.  

4. Nanowires with increasing widths from 50 nm to 225 nm in increments of 

25 nm were fabricated (see Fig. 6.1(a)) 

 

6.2.2 Electron beam lithography (EBL) and nanowire edge smoothening 

Fig. 6.1(b) shows a schematic of the EBL process. The technique involves 

irradiating the spin coated resist over the sample in a specific user defined pattern. 

An e-beam resist is first spin-coated over the SOI and exposed to the e-beam in a 

specific pattern using a Raith EBL system. The e-beam exposure pattern is 

controlled by the EBL software. A pattern is loaded into the software and a beam 

Fig. 6.2: SEM images of as fabricated Si nanowires on a 10 nm SOI (a), and the same 

sample following a 60 s O2 plasma treatment followed by dil. HF rinse (b). 

Fig. 6.1: (a) Schematic showing the design of the EBL Si nanowires. (b) Schematic 

showing the EBL process. This was the smallest set of nanowire network consisting of 

nanowires of width ranging from 50 nm to 225 nm. This set was repeated in a 200 μm × 

200 μm area.  
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blanker system in the SEM is used as a dynamic mask to write the pattern. EBL 

resists such as ma-N 2403, Poly(methyl methacrylate) (PMMA) and Hydrogen  

SilsesQuioxane (HSQ) were used for patterning. HSQ resist gave the best results, 

i.e., thinnest (50 nm) nanowires with comparatively low edge roughness were 

obtained using the HSQ resist.  

Even the nanowires fabricated using HSQ resist had significant edge roughness 

as shown in Fig. 6.2(a). A higher edge roughness is a trade-off while fabricating 

large area patterns. Lower edge roughness may be obtained by increasing the EBL 

resolution but that would increase the lithography time by a great extent. In order 

to circumvent this issue a simple edge smoothening technique was utilized. Oxygen 

plasma treatment was found to be effective in reducing the edge roughness. Fig. 

6.2 shows an SEM image of Si nanowires before (a) and after (b) a 60 s O2 plasma 

treatment. The O2 plasma treatment was followed by a quick rinse in hydrofluoric 

acid. An isotropic O2 plasma oxidises the rough features on the nanowire since 

these rough regions have higher surface area. The plasma grown oxide layer is later 

etched off in HF solution.  

6.3 Edge effect: oxide desorption and dewetting 

As discussed earlier in section 6.2, surface diffusion due to capillary forces at 

the edges is inversely proportional to the edge thickness. The edges of patterned 

SOI are often tapered and thinner than the device layer (see Fig. 6.3(a)) [20], 

therefore the tapered edges have higher curvature gradient. The capillary driven 

diffusion at the edges leads to edge effects in oxide desorption processes. This edge 

effect can clearly be seen in Fig. 6.3(b) showing a 45 nm SOI after flash annealing 

for 60 s at 750 ºC. The oxide desorption was observed to be prevalent near the 

edges of the sample. The silicon atoms diffusing away from the edge and towards 

the flat region of the film readily provides silicon adatoms for the oxide desorption 

process near the edges. This results in increased rate of oxide desorption at lower 

temperatures.  

The edges of SOI are also known to undergo dewetting at lower temperatures 

[19, 20, 26]. The edge effect in dewetting is strongly believed to be due to the 

capillary film edge instability [19]. The film edge is modelled as an infinitely long 
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discontinuity or a line defect on the film which initiates the dewetting process [19]. 

Once the oxide is desorbed, the film edges starts to retract due to self-diffusion and 

finally dewet. This can be seen in the SEM images in Fig. 6.3(b) and 6.3(c), 

showing edges of a 45 nm and a 20 nm SOI film both annealed for three 60 s cycles 

at 900ºC. The 45 nm film in Fig. 6.3(c) shows the early stage of dewetting where 

the SOI film has started to peel back from the edge and the rim of the edge is 

bulged. This initial stage of dewetting is similar to that predicted by Danielson’s 

model based on capillary film edge instability [19]. The 20 nm SOI, shown in Fig. 

Fig. 6.3: (a) Schematic showing thinner edges of patterned SOI which is believed to initiate 

dewetting [2, 3]. (b) and (c) shows edge effects in dewetting observed for a (b) 45 nm and 

(c) 20 nm SOI following three 60 s anneal cycles at 900ºC. (d) Shows dewetting of an 8 

nm SOI at the edge of the wafer even before the complete desorption of oxide, following 

a ten 30 s anneal cycles at 750ºC (e) SEM image of nanowire on a 10 nm SOI after ten 30 

s anneal cycles at 800oC. Inset in (e) shows a close-up of the Rayleigh instability driven 

breaking of nanowires.  
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6.3(d), although annealed with parameters similar to the 45 nm SOI, shows an 

advanced stage of dewetting with several rows of crystals. This difference in the 

stage of dewetting in the two samples is because the edge of the thinner SOI has a 

higher curvature gradient and therefore leads to more diffusion. As a result edges 

of thinner SOI dewets more rapidly than in the case of thicker SOI.    

Fig. 6.3(e) shows dewetting of a patterned 10 nm SOI after ten 30 s anneal 

cycles at 750ºC. Fig. 6.3(e) clearly shows the reduced thermal stability of the 

patterned region: while the un-patterned region of the sample was intact, the 

patterned region had completely agglomerated under this annealing condition. The 

dewetted region consisted of patterns shown in Fig. 6.1(a). The inset in Fig. 6.3(e) 

shows a close-up of dewetted nanowires where the nanowires have broken into 

crystals.    

This section clearly shows that the edges of ultra-thin SOI and nanostructures 

fabricated on the ultra-thin SOI dewets at lower temperature. The edge effect also 

ensures oxide desorption from the silicon edges at lower temperatures. STM 

measurements of nanowire structures fabricated on ultra-thin SOI also showed an 

enhanced oxide desorption on the nanowires in comparison to the flat film region. 

The following section details an STM analysis of flash annealed SOI nanowires, 

fabricated from an 8 nm SOI film.  

6.4 STM analysis of SOI nanowires 

The STM measurements were carried out on nanowires with widths as small as 

50 nm fabricated on an 8 nm thick device layer of SOI. Fig. 6.4(a) shows an STM 

topographic image of a 50 nm wide SOI nanowire following 3 flash annealing 

cycles of 30 s at ~730 ºC. The BOX around the nanowire structure was etched 

down to substrate allowing the STM probe to approach the nanowire safely without 

risking crashing into the BOX. Although the flash annealing condition was not 

sufficiently high to desorb oxide from a flat silicon region, the substrate silicon was 

covered with a thin layer oxide that did not prevent STM imaging. In order to avoid 

the tip crash into this oxide, high scan bias voltages were used for large area scans. 

The STM image in Fig. 6.4(a) was recorded at 7 V bias and 5 pA current setpoint. 

The figure shows an STM image of a ~50 nm nanowire. Fig. 6.4(b) shows a close-
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up region from the middle of the nanowire. This image was recorded with 4 V bias 

and 5 pA current setpoint. The image reveals atomic steps of Si(100), although 

there is some ghosting in the image due to a double-tip effect that is common 

whenever STM is used to image a surface with large topographic features. The 

image also show SiC protrusions, which is consistent with the surface oxide layer 

being completely desorbed as discussed in section 3.5 (chapter 3). 

 

Fig. 6.5(a) shows an STM topographic image recorded from a close-up region 

of the nanowire surface. The image was recorded with 2 V bias and 20 pA setpoint 

current. The figure clearly shows two domains of the dimer rows with row spacing 

equal to approximately 7.3 Å, consistent with the surface being Si(100) (2 × 1).  

Fig. 6.4: (a) STM height image of a 50 nm wide SOI nanowires fabricated on an 8 nm 

SOI. (b) shows a close-up region from (a). (a) was recorded at 7 V sample bias and 5 pA 

setpoint current. (b) was recorded at 4 V bias and 5 pA setpoint current. 
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This suggests that a silicon nanowire of width up to 50 nm and thickness down to 

8 nm can be flash annealed at a lower temperature of around 730 ºC to desorb 

oxide and to obtain a clean silicon surface. These STM images are a testament that 

silicon nanowires of these dimensions are stable under reduced thermal budget 

flash annealing and do not undergo faceting or dewetting. Fig. 6.5(b) shows the 

tunneling spectra recorded from the 50 nm wide nanowire surface (black) along 

with a reference spectra from bulk Si(100). The spectra was recorded with 2 V bias 

and 20 pA setpoint current. The spectra of the nanowire shows a ~0.4 eV blue shift 

in the spectral features in comparison to the bulk Si(100). The same ~0.4 eV shift 

was also observed in the spectra recorded on other nanowires as wide as 200 nm 

and 225 nm (same thickness of 8 nm). In principle there could be different reasons 

Fig. 6.5: (a) A close-up of a 50 nm wide nanowire on SOI showing a clean Si(100) (2 × 

1) surface. (b) shows the STS spectra recorded from the nanowire surface (black) along 

with a reference spectra from a bulk Si(100) (grey). Both image and the spectra were 

recorded at 2 V bias and 20 pA current. The shift in the spectra recorded from the 

nanowire is probably due to contamination in the tip. 
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 for blue shift in STS: such as high sample resistance, tip-induced field effect and 

high spreading resistance have been discussed in chapter 4. However, the blue shift 

observed in this case was only be due to a contaminated tip since there was no 

correlation with the nanowire thickness and the shift was constant for all 

thicknesses. Furthermore, analysis of the quality of the STM tip over the Pt crystal 

also suggested that the tip was contaminated. 

 

Annealing of nanowires at temperatures above ~730 ºC resulted in instability 

in the nanowires, initially forming a modulation in the structure consistent with 

breaking into droplets and later breaking into elongated crystals on the BOX. The 

thermal gradient across the sample allowed for the study of different stages of the 

formation of these instabilities. Fig. 6.6(a) shows the initial stage of thermal 

instability in the nanowires forming oscillating structures due to Rayleigh 

instability. The sample was annealed for 30 s at ~750 ºC. Advanced stage of 

dewetting of nanowires into crystals is shown in Fig. 6.6(b) which was recorded 

from the hotter end of the sample.  

6.5 TiO2 nanowire masked Si nanowires  

The previous section demonstrated that silicon nanowires fabricated on SOI 

can be flash annealed and prepared in UHV for surface analysis without damaging 

the integrity of the structures. However, a thorough spectroscopic analysis of the 

structures proved challenging due to issues in the sample design and STM 

Fig. 6.6: Different stages of thermal instability in Si nanowires on SOI. (a) Rayleigh 

instability driven fluctuations in nanowires. (b) complete breaking of nanowires into 

discontinuous elongated Si crystals. 
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measurements. Even with the help of one of the most sophisticated EBL systems 

available on the market, it was a challenge to fabricate nanowire structures smaller 

than 50 nm for STM analysis. STM analysis requires a high density of nanowires 

spread across the sample so that fabricating such a high density nanowires leads to 

a reduction in resolution. Our Createc UHV STM has a maximum sampling range 

of under 4 μm so that a low nanowire density makes it problematic to find target 

nanowires to study.  

Although an oxygen plasma thinning technique can be used to thin EBL 

fabricated nanowires, plasma oxidation is an isotropic process and therefore a 

nanowire over BOX with a rectangular cross-section, would be oxidised equally 

from all three directions. Since the dimensions of the EBL fabricated nanowires in 

our case had an aspect ratio of 10:50 (thickness: width), O2 plasma thinning will 

reduce the nanowire thickness significantly more than the nanowire width. Also, 

repetitive etching in dil. HF solution etches the BOX underneath the nanowires and 

makes the nanowires structurally unstable. Due to these challenges, oxygen plasma 

thinning could not be used. Further, to overcome the fabrication challenges a 

simple nanowire fabrication technique was developed.   

Fig. 6.7 shows a schematic of the TiO2 nanowire masked Si nanowires 

fabrication technique. This process makes use of chemically synthesised oxide 

nanowires as an etch mask to fabricate Si nanowires on SOI. TiO2 nanowires with 

mean diameters of 50 nm, 20 nm and 10 nm were procured from Emfutur 

technologies and Novarials Corporation. The nanowires were dispersed in water or 

an IPA/ethanol mixture through mild sonication. The TiO2 nanowires were spray 

deposited over SOI (Fig. 6.7 step 1). SOI samples were then etched in ICP (Fig. 6.7 

step 2). The ICP etching removes all the silicon from the device layer except the 

region of silicon beneath the nanowires. The anisotropic nature of the ICP process 

along with the small size of the mask results in sharp edge features on the Si 

nanowires. After the ICP process, a thin film of metal is deposited through e-beam 

metal evaporation. 



CHAPTER 6: THERMAL PROCESSING OF PATTERNED SOI NANOWIRES 

 

153 
 

  

F
ig

. 
6
.7

: 
S

ch
em

a
ti

c 
o
f 

th
e 

T
iO

2
 m

a
sk

ed
 S

i 
n
a
n

o
w

ir
es

 f
a
b
ri

ca
ti

o
n

 p
ro

ce
ss

. 
1

) 
S

p
ra

yi
n

g
 T

iO
2
 n

a
n
o
w

ir
es

 a
n

d
 n

a
n
o
p
a
rt

ic
le

s 
o
n
 S

O
I,

 2
) 

IC
P
 e

tc
h

in
g
 

o
f 

S
O

I,
 3

) 
M

et
a
l 
d

ep
o
si

ti
o
n

, 
4

) 
li
ft

-o
ff

 p
ro

ce
ss

 t
o
 o

b
ta

in
 S

i 
n
a
n

o
w

ir
es

 a
n

d
 n

a
n

o
d

is
cs

 o
n
 B

O
X

 w
it

h
 m

et
a
l 
co

n
ta

ct
s 

o
n

 t
h

e 
si

d
es

. 



CHAPTER 6: THERMAL PROCESSING OF PATTERNED SOI NANOWIRES 

 

154 
 

The e-beam evaporator provides directional metal deposition, this means that the 

metal is deposited only on the top of TiO2 but not on the sides, as shown in the 

circle indicated in step 3 of Fig. 6.7. A short rinse in dil. HF solution etches the TiO2 

from the sides and lift-off the metal over it. This process provides a continuous 

metal film over the BOX, barely contacting the Si nanowires. Similar to TiO2 

nanowires, even TiO2 nanoparticles could be used in this process. Etching SOI with 

TiO2 nanoparticles over it will produce silicon nanodiscs on SOI. 

 

One of the important advantage of this technique is the ability to fabricate 

ultra-small Si nanowires and nanodiscs with low edge roughness. Fig. 6.8 shows 

an example of the Si nanowires and nanodiscs fabricated using this technique from 

10 nm SOI. The Si nanowire shown in Fig. 6.8(a) is 20 nm wide. The length of 

these nanowires were around 3 μm. These Si nanowires have a sharp edge features 

in comparison to the nanowires fabricated through EBL (Fig. 6.2(a)). Fig. 6.8(b) 

and (c) shows an SEM image of Si nanowires and Si nanodiscs surrounded by a 

Fig. 6.8: SEM images showing nanostructures fabricated on SOI. (a) shows ~20 nm low 

edge roughness Si nanowires on BOX fabricated using the TiO2 mask technique. (b) shows 

the fabricated nanowires with contact metal film. (c) Si nanodiscs with un-etched resist 

and metal contact film.  
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metal film. This metal film acts as an electrical contact for all the nanowires 

fabricated on the wafer. Since these samples were prepared for demonstration 

purposes, a Ti/Au (4 nm/ 4nm) metal film was used. However, for STM 

measurements a Pt metal film could be used so that in the event of STM tip 

contamination, the Pt metal could also be used to form the tip. Another advantage 

of this technique in comparison to EBL is the ease of fabricating colossal amount 

of crystalline nanowires or nanowire network on wafers. The nanowire and 

nanodiscs fabricated over SOI with metal contact film will be used in the future to 

study their electronic structure using STM and STS.    

6.6 Conclusion 

STM measurements of flash annealed SOI nanowires have shown that the 

surface oxide on the nanowires desorbs at lower temperatures in comparison to a 

flat silicon surface. Diffusion of silicon away from the edges of the nanowires due 

to the capillary edge instability is believed to supply silicon adatoms that expedites 

the oxide desorption process in the nanowires. Analysis has also shown that 

nanowires as small as 50 nm wide and 8 nm thick can sustain the low budget 

thermal processing without undergoing faceting or dewetting. However, annealing 

at temperatures over ~750 ºC breaks the nanowires through Rayleigh instability 

into Si crystals.  

Furthermore, this chapter also presents preliminary data of a new and 

simple silicon nanowire and nanodisc fabrication technique. This fabrication 

technique uses solution dispersed TiO2 (or any stable nanowires) nanowires and 

nanoparticles, sprayed over SOI, as an etch mask to fabricate ultra-small and high 

edge definition silicon nanowires and nanodiscs on SOI. This technique can also be 

used to fabricate large density of nanowires and nanowire networks over BOX. 

Furthermore, using metal lift-off process, the nanowires and nanodiscs on BOX 

have been contacted with metal film through the sides. The metal film encircled 

nanostructure samples would be useful for future STM analysis of quasi 1D and 2D 

SOI nanostructures.   
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7  

C O N C L U S I O N S  A N D  F U T U R E  W O R K 

A simple oxygen plasma treatment has been found to effectively clean and 

thin device layers of SOI. The cleaning technique produces an atomically smooth 

and flat device layer. Using a thermal gradient flash annealing strategy, various 

stages of oxide desorption and evolution of the surface morphology of SOI were 

investigated simultaneously. Furthermore, an effective low thermal budget SOI 

cleaning process was developed and used throughout this work. 

Through STM analysis of SOI, the role of the spreading resistance due to the 

extremely small tunneling contact in STM and high sample resistivity was 

investigated. It was demonstrated that, with appropriate doping levels, SOI with a 

varying device layer thicknesses down to 5 nm can be analysed using STM. STM 

analysis has shown that SOI films with device layer thicknesses down to 5 nm show 

STS and ER spectra features very similar to bulk silicon. 

Analysis of SOI with thicknesses below 4 nm have shown that annealing 

leads to faceting of the film and an increase in surface roughness. The roughness 

of the film was shown to exhibit peaks and troughs associated with matter waves. 

Based on these observations we propose that the roughness results from thickness 

fluctuations in the ultra-thin SOI due to thermal excitation. KPM measurements 

revealed the presence of an ultra-thin wetting layer that physically and electrically 

connects the dewetted crystals, and which we suggest is due to a Van der Waal 

mediated pinning interaction between the film-vacuum and film-substrate 

interfaces that prevent complete dewetting.  

Although these analysis have shown a transition in the qualitative nature of 

the thermomechanical stability in ultra-thin SOI, further analysis needs to be 
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carried out to quantitatively evaluate the SOI system. Investigation of 

morphological evolution of the annealed Si film as a function of film thickness 

would help determine the pathways of dewetting in ultra-thin SOI. These analysis 

will also provide an insight into the thickness dependent transition and the 

evolution of the thermomechanical behaviour from the classical to the non-classical 

regime. These analysis would also enable the calculation of effective interfacial 

potential for ultra-thin SOI.   

 STM measurements of flash annealed SOI nanowires showed that the 

surface oxide on the nanowires can be desorbed at lower temperatures in 

comparison to a flat silicon surface. Diffusion of silicon due to capillary forces is 

believed to supply silicon adatoms necessary for oxide desorption and expedite the 

cleaning process. The low temperature processing protects the integrity of 

nanowires and makes the STM analysis possible.  

Finally, a simple ultra-small nanowire and nanodisc fabrication technique 

was demonstrated which enables the fabrication of structures that are below 

present EBL resolution capabilities (< 10nm).  There are significant advantages of 

the fabrication technique. Apart from the ability to fabricate ultra-small structures, 

the technique can produce an extremely high density of nanowires with a low edge 

roughness. Additionally, the metal film in encircling the SOI nanostructures can 

electronically couple with the nanostructures and allow STM measurements. In 

terms of future work, a logical next step would be to investigate the properties of 

the metal encircled quasi 1D and 2D Silicon-on-Oxide structures to understand the 

effective coupling of charges in and out of the ultra-small Si structures and 

subsequently to measure their electronic properties. Metal encircled crystalline Si 

nanostructures may form ideal structures to study quantum confinement in silicon.  

 

 


